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Soybean (Glycine max) and rice (Oryza sativa) are the most important crops
cultivated worldwide. The productivity of both crops is severely limited due to drought
stresses. Abscisic acid (ABA) signaling is one of the crucial phytohormones which acts
as the signaling mediator in different environmental stress for adaptive response of
plants. In this study, functional characterization of abscisic acid-activated protein kinaselike kinase 1 (AALK1), and low molecular weight protein tyrosine phosphatase
(LMWPTP) were studied by developing gain-of-function and loss-of-function
phenotypes by transgenesis.
Physiological response of AALK1 showed that AALK1 modulates the drought
stress response ins soybean plants. The study has demonstrated several key genes are
differentially expressed control, and aalk1-RNAi silenced lines under drought treatment.
The AALK1 overexpression lines enhanced the transcription of other ABA-responsive
genes, indicating that the AALK1 is a positive regulator of ABA-mediated stress signaling
pathways in soybean. The phylogenetic analysis and domain analysis also supports that
AALK1 is abscisic acid-activated protein kinase and has a role in drought response.

Phenotype analysis of LMWPTP in rice showed that transgenic overexpression of
LMWPTP exhibited significantly improved drought tolerance in comparison to RNAi
silencing and control plants ,which indicates that LMWPTP modulates the drought stress
tolerance of rice plants. Further, 5 putative tyrosine phosphorylated proteins were
detected through immunoblotting and identified by mass spectrometry. Some of these
tyrosine phosphorylated proteins are likely to be target proteins of LMWPTP.
Together, the present findings strengthen the knowledge about the functional role
of AALK1 and LMWPTP, which can be utilized as a promising gene-based molecular
marker in transgenic breeding for generating crop plants with improved drought tolerance
which ultimately improve the grain yields.
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CHAPTER I
INTRODUCTION
Soybean is the third most cultivated crop worldwide. Soybean provides a
complete protein as it contains all eight amino acids essential for human health. Soybean
is rich in oil, 95% is consumed as edible oil, and the rest is used for industrial products
such as fatty acids, soaps, and biodiesel. Soybean is the leading oilseed in the United
States and is responsible for approximately $38.0 billion in annual crop value, and it
exports 1940 million bushels per year which are 49% of production which plays a
significant role in U.S. economy (Ash and Knisley 2016). In 2015, the total output of
soybean was 3.93 billion bushels, and the total area was 81.8 million acres, whereas, in
Mississippi, soybean growers planted about 2.27 million acres and harvested nearly 95
million bushels totaling $1.03 billion in the production values (Breazeale LM 2016).
However, soybean production for high and stable yield remains a challenging task due to
climate change.
Furthermore, Rice (Oryza sativa L.) is a popular cereal used as staple food and
cultivated in different parts of the world. Rice is a chief and most vital source of food for
more than half of the population, and more than 90 percent of the world’s rice is grown
and consumed in Asia, where 60 percent of world’s population cultivated rice crops as a
primary source of income (Datta SK 2004). The U.S. dedicated 2.9 million acres in 201415 for rice cultivation, and the total output was about 221 million cwt. The average U.S.
1

farm yield for rice was 7572 pounds per acre in 2014-15 (USDA, 2016). Although U.S.
rice production accounts for only about 2% of world output, it accounts for about 10% of
all rice exports worldwide. Mississippi ranks fourth in production among the primary
U.S. rice-producing states. Mississippi rice producers plant long-grain rice over
approximately 200,000 acres each year which account for more than $140 million
annually in production value. Rice also ranks among the state’s top agricultural exports.
Even with these advances in rice production, still, 800 million people are not getting food
every day. It is anticipated that we will have to produce 25 percent more rice by the year
2030 (Khush 2012). Growing rice under water-deficit conditions is one of the arising
problems in the US Mid-South. The changes in projected climate in the US Mid-South
would probably increase the risk of prolonged drought conditions, resulting in human and
financial costs (Ault et al., 2014). That will have implications for rice germination and
subsequent growth and development in these areas, thus warranting more research on rice
cultivar response to drought.
On the other hand, abiotic stresses, such as drought, salinity, or temperature
variation impair the productivity of all the main crops and constitute the primary cause of
crop loss worldwide, reducing average yields by more than 50% globally (Boyer J.S.
1982; Wang et al. 2003). Among the abiotic stresses, Drought is the major environmental
factor limiting agricultural productivity worldwide. Rice needs 1900 liters of water to
produce 1 kg of grain. Thus, even a short period of water deficit is highly sensitive to rice
production (O’Toole 2004).

2

Like rice, drought is a significant threat to soybean production. Typically
soybeans use 450-700 mm of water during the growing season (Stacey et al. 2004; Sprent
2001). Drought occurring at the flowering stage can result in decreased fertility and
reduce the yield potential of soybeans. One of the most sensitive growth stages in
soybean to drought stresses are pod set and seed filling period that had substantial effects
on soybean yield (Desclaux et al., 2000; Egli et al., 1983). Soybean yield affected by pod
and seed number per plant and these traits are the most important yield components of
soybean (Liu et al., 2005). In Mississippi, most of the soybean plants grown area are
dryland or non-irrigated sites. These soybean plants are more susceptible to yield loss due
to drought stress. Therefore, there is a great need for crop improvements that will
increase drought tolerance.
Abscisic acid (ABA) is the central regulator of abiotic stress resistance in plants
and coordinates an array of functions (Finkelstein, 2013), enabling plants to cope with
different stresses. The response to ABA provides a versatile model for the examination of
stimulus-influenced transcriptional regulation. ABA triggers differential expression of
thousands of genes and transcription factors, providing a robust response that enables
modeling of the complex gene regulatory network (Song et al., 2016). In the plant when
environmental conditions are harsh, the level of ABA increases via ABA biosynthesis.
The increased ABA binds to its receptor to initiate signal transduction leading to cellular
responses to stresses (Ng et al., 2014); therefore, ABA is also called a stress hormone
(Mehrotra et al., 2014). ABA plays a pivotal role in optimizing water use in plants and,
for seed development and in various plant stresses such as drought and high salinity.
ABA plays an integral part in a variety of plant processes is vital for both fundamental
3

biology and agriculture (Yamaguchi-Shinozaki et al., 2006, Song et al., 2016). Therefore,
understanding the signaling mechanism of ABA is critical for improving plant
performance under stress environments and most needed in projected warmer and drier
future climate. There are three core components of ABA signaling; pyrabactin resistance
(PYR)/pyrabactin resistance-like (PYL)/regulatory component of ABA receptors
(RCAR), protein phosphatase 2C (PP2C: acts as negative regulators) and (Sucrose nonfermenting) SNF1-related protein kinase 2 (SnRK2: acts as positive regulators). Most of
the genes that respond to drought, salt, and cold stress are induced slowly after the
accumulation of ABA (Shinozaki and Yamaguchi 1997). Both ABA-dependent and
ABA-independent processes are involved in stress responses. Plants respond to various
abiotic stresses via signaling pathways, and reversible protein phosphorylation is
mediated by protein phosphatase and protein kinases which are an essential process in the
signaling pathways. During phosphorylation, a protein kinase adds a phosphate group on
a substrate whereas protein phosphatase reverses this process by removing the phosphate
group. Thus, Phosphatase and kinase could be one of the crucial areas of study to
improve the stress tolerance of the crop plants.
Plant SnRKs are classified into the Sucrose nonfermenting-1 kinases and AMPactivated protein kinases (SNF1/AMPK) family, which comprises from the yeast and
mammalian AMPKs. AMPK was initially called mammalian protein kinase (Kulik et al.,
2011). The SnRKs are divided into three subfamilies, i.e., SnRK1, SnRK2, and SnRK3.
SnRK2s belong to the family of SNF1-related protein kinases (SnRKs), which is a class
of serine/threonine protein kinases. The member of the SnRK2 family acts a merging
point between ABA-independent and ABA-dependent stress signaling pathways. Also,
4

the SnRK2 plays an essential role in many developmental processes in plants and has
been shown to the positive regulator of abiotic stresses (Li, 2000;Mustilli, 2002;Yoshida
et al., 2002;Umezawa et al., 2004;Dey et al., 2016). The member of SnRK2s family have
been identified different not plant species such as Arabidopsis thaliana (i.e. AtSnRK2.12.10) (Zhang et al., 2010), Oryza sativa (i.e. SAPK1-10) (Zhang et al., 2010), Zea mays
(i.e. ZmSnRK2.1-2.11) (Huai et al., 2008), Triticum aestivum (i.e. TaSnRK2.3,2.4,2.7 and
2.8) (Tian et al., 2013;Zhang et al., 2011;Mao et al., 2010;Zhang et al., 2010), Brassica
napas (i.e. BnSnRa K2.1-2.14) (Yoo et al., 2016), Brassica rapa (i.e. BcSnRK2.1-2.13)
(Huang et al., 2015),Vitis vinifera (i.e. VvSnRK2.1-2.6;Boneh et al., 2012), and
Gossypium hirsutum (GhSnRK2.1-2.14;Liu et al., 2017). Previously, first abscisic acidactivated protein kinase (AAPK) identified in Vicia faba which is a guard cell-specific
kinase (Li and Assmann, 1996) and showed that AAPK is a positive regulator of ABA
signaling (Assmann, 2000). So far, five SnRK2 genes (i.e., SPK1, SPK2, SPK3, SPK4,
and GmAAPK) reported in Glycine max. SPK1 and SPK2, are activated by hyperosmotic
stress in yeast cells, although the activation in plant cell has not been demonstrated
(Monks et al., 2001) whereas SPK3 and SPK4 induced by high salinity or dehydration
(Kim et al., 1997). The expression of GmAAPK was induced by ABA and participates in
the regulatory process during osmotic stress in soybean (Luo et al., 2006). These results
suggest that genetic engineering of AAPK gene has the potential to enhance drought
tolerance in crop plants.
Protein phosphatase has been divided into two group based upon their substrate,
i.e., serine/threonine phosphatase and tyrosine phosphatase. Serine/threonine phosphatase
is well characterized and has been shown to play an essential role in plant growth and
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development (Luan, 2003). However, little is known about the tyrosine phosphatase in
plants. Protein tyrosine phosphatase is further classified into four subfamilies, i.e., i)
Tyrosine specific phosphatase ii) dual specificity phosphatase iii) cdc25 phosphatases,
and iv) Low molecular weight protein tyrosine phosphatase (LMWPTP) (Fauman and
Saper, 1996) . Among these four subfamilies, LMWPTP is least studies in the plant,
whereas, it is widely studied in animal and other organisms. Initially, LMWPTP is
identified in the bovine liver as low molecular weight acid phosphatase which acts on
much phosphotyrosine-containing proteins that are mainly involved in signal transduction
(Heinrikson, 1969). Due to differences in sequence, structure and substrates recognitions,
as well as subcellular localization in different organisms, enable LMWPTP to exert many
different functions. For example, in bacteria, the LMWPTP enzyme is involved in the
biosynthesis of group 1 and 4 capsules, but it also acts as a virulence factor in pathogenic
strains(Caselli et al., 2016; Standish and Morona, 2014). In humans, LMWPTP is
encoded by the ACP1 gene, which is composed of 3 different alleles, each encoding two
active enzymes produced by alternative RNA splicing. Likewise, in animals, LMWPTP
dephosphorylates several growth factor receptors and modulates their signaling
processes. In yeast, LMWPTP dephosphorylates immunophilin Fpr3, a peptidyl-prolylcis-trans isomerase member of the protein chaperone family (Caselli et al., 2016).
However, in plants study about LMWPTP is limited. The first found plant tyrosinespecific PTP, AtPTP1 is encoded by a stress-responsive gene, that is upregulated by high
salt whereas downregulated by cold (Xu et al. 1998). The study conducted in mitogenactivated protein kinase (MAPK) phosphatase suggested that MAPK has a role in abiotic
stress response in plants. Mutant mkp1 is tolerant to salt stress as compared to wild-type
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in Arabidopsis (Ulm et al., 2002). Also, AtMKP2 has been shown to positively regulates
the oxidative stress tolerance(Lee and Ellis, 2007). The study demonstrated that protein
phosphatase18 genes modulate drought and oxidative stress tolerance in rice (You et al.,
2014). Similarly, overexpression of Protein Phosphatase 1a (OsPP1a) enhanced salt
stress tolerance in rice (Liao et al., 2016). Plant tyrosine phosphatase also associated in
modulating the environmental stresses which affect the plant growth and development
(Vashista and Chaudhary 2006). Arabidopsis protein phosphatase has been characterized
intensively by in-silico analysis showed that there are 163 protein phosphatases were
found in rice and 164 in Arabidopsis. Among them, only one gene (LOC_Os08g44320)
from rice and Arabidopsis is classified under LMWPTP group (Yang et al., 2010). In the
same year, the other in-silico study revealed 132-protein phosphatase coding genes in the
rice genome, and they also identified one gene under LMW-PTP group in rice and
Arabidopsis (Singh et al., 2010a). LMW PTPase, Wzb, may involve in the arsenic
resistance/detoxification mechanism (Govarthanan et al., 2015). However, no study has
been conducted in functional characterization of putative protein tyrosine phosphataselike protein (LOC_Os08g44320) also called OsPP104 belongs to LMWPTP group to
date(Singh et al., 2010a). Thus, this LMWPTP is one of the important enzymes to study
on detail functional of characterization of this gene which may help to improve the stress
tolerance of crop plants.
Protein phosphorylation is a reversible post-translational modification which
controls many biological processes. Most phosphorylation occurs on serine and
Threonine and few in Tyrosine. Tyrosine phosphorylation accounts only for
0.05%(Hunter and Sefton, 1980). Tyrosine phosphorylation in plants was first described
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in pea plantlets (Torruella et al., 1986) and later evidence suggested that protein tyrosine
phosphorylation in plants depends on the developmental conditions (Barizza et al., 1999).
After that, wide ranges of experimental tools have been employed to explore the presence
of Tyr phosphorylation in plants (Barizza et al., 1999; Carpi et al., 2002; Torruella et al.,
1986). For the detection of Tyrosine phosphorylation, radioactive labeling has been
widely used. Detection of phospho-Ser, phospho-Thr, and phospho-Try based on
radioactive labeling of 32P-orthophosphate of proteins present in the cells, followed by
protein separation using electrophoresis and later partial acid hydrolysis was succeed
using thin layer chromatography and autoradiography of hydrolysates (Ndimba et al.,
2003). The Tyr phosphorylation detection was difficult than Ser/Thr phosphorylation due
to the less occurrence using electrophoretic techniques (Peck et al., 2001). Therefore, an
alternative approach for the detection of Tyr phosphorylation makes use of monoclonal
antibodies. Phospho-Tyr specific monoclonal antibodies are used for detecting tyrosine
phosphorylation by using western blotting. The presence of tyrosine phosphorylation was
detected using immunoblotting (Rudrabhatla et al., 2006). Comparative to biochemical
approach, Mass spectrometry allows more specific detection of phosphoproteins as it
maps the phosphorylation sites and therefore identifies the residues which are
phosphorylated in the proteins. However, Mass spectrometry is less sensitive than
classical biochemical techniques. Many limitations have been reported for the efficient
identification of phosphoproteins by the combined approach for 2D gel electrophoresis.
In the last 15 years, phosphoproteomic analysis using high-throughput, high-sensitivity
mass spectrometry (MS) has revolutionized the identification of tyrosine phosphorylation
sites (Hunter 2014). Many tyrosine phosphorylation sites have been identified by using
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mass spectrometry such as, Nakagami et al. (2010), reported that phoshpho-Ser, phosphoThr, and phospho-Tyr sites were estimated to be respectively 84.8%, 12.3% and 2.9% in
rice whereas 82.7%, 13.1%, and 4.2 in Arabidopsis (Nakagami et al., 2010). However, in
many cases, the function of these Tyr phosphorylation events has not been studied
(Hunter 2014). Tyrosine phosphorylation has been involved in the development of the
male and female gametophytes in higher plants such as AtDsPTP1 expression is restricted
to stamens and pollen in Arabidopsis. Another DsPTP, AtPTEN1 is expressed explicitly
in pollen development, and knockdown of AtPTEN leads to pollen cell death after
mitosis. Tyrosine phosphorylation also plays a role in abiotic stress responses. AtPTP1 in
Arabidopsis was upregulated by salt and down-regulated by cold treatment (FordhamSkelton et al., 1999; Q Xu et al., 1998). Also, tyrosine phosphorylation has been involved
in ABA signaling as the DsPTP PHS1 is a negative regulator of ABA transduction
pathways(Melanie Monroe-Augustus, Bethany K. Zolman, 2003; Quettier et al., 2006).
However, another DsPTP IBR5 has been demonstrated as positively regulate the ABA
transduction pathways.Hence the study of protein tyrosine phosphorylated proteins could
be one of the crucial aspects to improve stress tolerance, growth, and development of
crop plants.
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With the ultimate view to exploring the possibilities of drought stress tolerance in
rice and soybean using kinases and phosphatase gene and also using nutritional approach,
this study has the following objectives:
1. To study the abscisic acid-activated protein kinase (AALK1) in drought stress
response in soybean
2. To study the putative protein tyrosine phosphatase (LMWPTP) in drought stress
response in rice.
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CHAPTER II
ABSCISIC ACID ACTIVATED PROTEIN KINASE-LIKE KINASE 1(AALK1)
MODULATES DROUGHT STRESS RESPONSE IN SOYBEAN (GLYCINE MAX)
Introduction
Plants face different abiotic and biotic stresses, among them drought is one of the
most complex, harmful and least understood which damages crop globally (Halwatura et
al., 2017). Soybean (Glycine max), being one of the most important crops, cultivated
worldwide and is known for vegetable and protein source of human beings and is
adversely affected by drought (Song et al., 2016). To cope with these environmental
constraints plants can sense the changes in their environmental stress and responds to
those challenges by different defense mechanisms (Bohnert et al., 2006). There are lots of
protective mechanisms evolved, among them, one is phytohormones pathways. Abscisic
acid (ABA) is one of the most important phytohormones which acts as the signaling
mediator in different environmental stress for the adaptive response of plants (Sah et al.,
2016). ABA is produced under drought stress functions to regulate many developmental
and physiological processes such as seed germination, seedling growth, seed maturation,
and transpiration. In limited water conditions, ABA level increases which trigger
stomatal closure and responses to stress tolerance (Cutler et al., 2010). In ABA signaling
pathway there are many factors involved such as ABA receptor (PYR/PYL/RCAR),
protein phosphatase 2Cs (PP2Cs), and ABA response element-binding factors (ABFs)
(Klingler et al., 2010). In ABA signal transduction, protein phosphorylation and
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dephosphorylation are essential mechanisms (Furihata et al., 2006). Stress signals are
recognized and transmitted to different cellular compartments via specific signaling
pathways in which protein kinases and phosphatase are crucial elements (Kulik et al.,
2011).
Plant SnRKs are classified into the Sucrose nonfermenting-1 kinases and AMPactivated protein kinases (SNF1/AMPK) family, which comprises from the yeast and
mammalian AMPKs. AMPK was initially been called mammalian protein kinase (Kulik
et al., 2011). The SnRKs are divided into three subfamilies, i.e., SnRK1, SnRK2, and
SnRK3. SnRK2s belong to the family of SNF1-related protein kinases (SnRKs), which is
a class of serine/threonine protein kinases. The member of the SnRK2 family acts a
merging point between ABA-independent and ABA-dependent stress signaling pathways.
Also, the SnRK2 plays an important role in many developmental processes in plants and
has been shown to the positive regulator of abiotic stresses (Assmann, 2000; Dey et al.,
2016; Mustilli, 2002; Umezawa et al., 2004; Yoshida et al., 2002). The member of
SnRK2s family have been identified different not plant species such as Arabidopsis
thaliana (i.e. AtSnRK2.1-2.10) (Zhang et al., 2010), Oryza sativa (i.e. SAPK1-10) (Zhang
et al., 2010), Zea mays (i.e. ZmSnRK2.1-2.11) (Huai et al., 2008), Triticum aestivum (i.e.
TaSnRK2.3,2.4,2.7 and 2.8) (Tian et al., 2013;Zhang et al., 2011;Mao et al., 2010;Zhang
et al., 2010), Brassica napas (i.e. BnSnRa K2.1-2.14) (Yoo et al., 2016), Brassica rapa
(i.e. BcSnRK2.1-2.13) (Huang et al., 2015),Vitis vinifera (i.e. VvSnRK2.1-2.6) (Boneh et
al., 2012), and Gossypium hirsutum (GhSnRK2.1-2.14)(Liu et al., 2017).
In Arabidopsis, there are ten members of the SnRK2s family have been identified and
divided into three subclasses, based on their amino acid sequence similarity (Boudsocq et
al., 2004). The subclass I composed of kinases that are activated by ABA, whereas
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subclass II is either activated or very weakly activated by ABA depending upon the plant
species. However, subclass III is strongly activated by ABA. The amino acid sequences
of all the SnRK2s can be divided into two regions, the N-terminal highly conserved
domain and the C-terminal called regulatory domain. The C-terminal domain comprises
stretches of acidic amino acids, either glutamic acid (Glu/E; subclass I) or aspartic acid
(Asp/D; subclass II and III).
Further, the C-terminal regulatory domain contains two subdomains, namely
Domain I and Domain II. Domain I (about 30 amino acids starting from kinase domain)
is required for activation by osmotic stress, which is independent of ABA, in all SnRK2
family members. Likewise, domain II (about 40 amino acids just after domain I) is
required for the ABA response and specific to ABA-dependent SnRK2s only (Belin et
al., 2006; Kobayashi et al., 2004; Kulik et al., 2011; Umezawa et al., 2004; Yoshida et al.,
2006). All the SnRK2 members excluding SnRK2.9 were found to be rapidly induced by
different osmolytes such as sorbitol, mannitol, sucrose, sodium chloride and few of them
by ABA. The Arabidopsis domain II of SnRK2.6/SRK2E/OST1 protein kinase has been
shown to regulate the ABA-mediated stomatal closure and is responsible for kinase
activation by ABA. However, Arabidopsis mutant ost1 showed wilty phenotype and
defective in ABA-induced stomatal closure (Yoshida et al., 2002). Likewise, triple
mutant srk2d/e/I of Arabidopsis showed decreased drought tolerance and insensitivity to
ABA, as documented by defects in seed germination and seedling growth as decreased
expression of ABA- and stress-inducible genes (Fujita et al., 2013). The knockout of
these three Arabidopsis genes from the SnRK2 family almost wholly blocks the ABA
responses which demonstrated that they are essential components of ABA-stress
signaling pathways in Arabidopsis (Fujii et al., 2011). The snrk2.2/2.3/2.6 triple knock
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out mutant flowered early and produced few seeds which were insensitive to ABA (Fujii
and Zhu, 2009). The ABA-activated SnRK2.2, SnRK2.3 and SnRK2.6 play essential roles
in controlling seed development and dormancy (Nakashima et al., 2009). The
overexpression of SnRK2.8 show upregulate the stress-induced genes and increase
drought tolerance in Arabidopsis (Umezawa et al., 2004).
In rice, there are ten SnRK2 members, i.e., SAPK1-10 (osmotic stress/ABAactivated protein kinase). All of them are found to be activated by hyperosmotic stress,
SAPK8/9/10 were also induced by ABA (Kobayashi et al., 2004). Recently, SAPK9 gene
member of SnRK2 showed drought tolerance in rice. The evidence suggested that
overexpression of SAPK9 gene improved the drought tolerance which improves the grain
yield by modulating cellular osmotic potential, stomatal closure, and stress-responsive
gene expression. Domain swapping experiments in rice SAPKs showed that grafting the
noncatalytic C-terminal region from SAPK8 (Glu-254 to Met-372) on to SAPK2 catalytic
domain is sufficient to confer ABA responsiveness. There are 11 SnRK2 members have
been identified in maize designated as ZmSnRK2.1-2.1, and most of them are inducible
by one or more abiotic stresses (Tian et al., 2013). Likewise in Wheat, the first
characterized SnRK2 member, PKABA1 showed to be induced by ABA, hyperosmotic
stress and multiple other environmental factors (Anderberg and Walker-Simmons,
1992;Xu et al., 2009). Later, three more SnRK2 members in wheat were identified, i.e.
TaSnRK2.3, TaSnRK2.4, and TaSnRK2.8 and found to be involved in abiotic stress
tolerance (Du et al., 2013; Mao et al., 2010; Tian et al., 2013; Zhang et al., 2010).
Therefore, substantial evidence showed that the SnRK2 protein kinase involved in
multiple environmental stresses responses and all have potential biotechnological utility
for generation of high yielding abiotic stress tolerant crop plants (Tian et al., 2013).
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Furthermore, in vitro studies have demonstrated that ABA-activated SnRK2s
phosphorylate the downstream target proteins in different plant species. Phosphorylation
is needed for the transcriptional activity of that individual target proteins that in turn
induce the expression of hierarchically downstream genes to mitigate the stress condition.
They include bZIP transcription factors, i.e., TRAB1 from rice (Kagaya et al., 2002),
TaABF from wheat (Johnson et al., 2002), AREB1 from Arabidopsis (Furihata et al.,
2006) and our previous study RNA-binding proteins such as VfAKIP1 from fava bean
(Li et al., 2002).
Previously, the first abscisic acid-activated protein kinase (AAPK) was identified
in Vicia faba which is a guard cell-specific kinase (Li and Assmann, 1996) and showed
that AAPK is a positive regulator of ABA signaling (Assmann, 2000). So far, five
SnRK2 genes (i.e., SPK1, SPK2, SPK3, SPK4, and GmAAPK) reported in Glycine max.
SPK1 and SPK2, are activated by hyperosmotic stress in yeast cells, although the
activation in plant cell has not been demonstrated (Monks et al., 2001) whereas SPK3 and
SPK4 induced by high salinity or dehydration (Kim et al., 1997). The expression of
GmAAPK was induced by ABA and participates in the regulatory process during osmotic
stress in soybean (Luo et al., 2006). These results suggest that genetic engineering of
AAPK gene has the potential to enhance drought tolerance in crop plants. Although
SnRK2s have been well studied in Arabidopsis thaliana and Oryza sativa and known to
be involved in abiotic stress response, little is known about SnRK2s in Soybean. ABAactivated protein kinase belongs to subclass III of the SnRK2 family has not been
functionally characterized by transgenic approach till date. Thus, understanding the
molecular basis of subclass III Abscisic acid-activated protein kinase gene function in
soybean ins necessary for the development of drought-tolerant transgenic soybean or
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designing of molecular marker for molecular breeding of drought-tolerant soybean
cultivar. The main aim of this study is to detailed characterization of abscisic acidactivated protein kinase gene and functional role in drought stress response. To achieve
the objectives, transgenic lines were developed and endogenous silencing of AAPK-like
kinase genes (Glyma.17G178800, Glyma.11G058800, and Glyma.05G081900). The
transgenic experiment demonstrated that in contrast to silencing, the overexpression of
AAPK-like kinase increased the drought tolerance. The expression of AAPK-like kinase
genes (AALK) studied in root to further extend the knowledge in stress response, since
root is essential for maintaining crop yields, especially in drought conditions. The study
suggests that in low water potential at soybean vegetative stages will stop its shoot
growth or reduce the shoot growth but root continues to grow (Yamaguchi and Sharp,
2010). Thus, the understanding of the soybean root response to drought is very critical for
effective management of abiotic stress (Song et al., 2016). RNA sequencing on the
Illumina platform was used to provide a through a scenario on the whole soybean
transcriptome in response to drought stress. Several categories of essential genes involved
in drought response have been identified in soybean.
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Methods
Plant materials and growth conditions
Glycine max cv Williams 82 variety was selected for this study. The soybean
plants were grown in the incubation room at 25°C with 70% relative humidity with a 12hour photoperiod/day. The light intensity maintained approximately 1000 µmol m-2 s-1
from white fluorescents lights.
Identification and cloning of Soybean SnRK2 members and generation of transgenic
lines
Identification of SnRK2 genes in soybean and phylogenetic analysis
The coding sequences of AAPK in Vicia faba (Gene Bank, AF186020.1) and
Arabidopsis were obtained from the literature. To identify the SnRK2 genes in soybean,
we looked for highly conserved sequences of SnRK2s in the soybean genome database
(https://phytozome.jgi.doe.gov/pz/portal.html) (Supplementary Table A1). To investigate
the evolutionary relationships, the phylogenetic tree was constructed using MEGA7
version 7.0. To evaluate the reliability of the tree, a bootstrap analysis was performed
using 1000 replicates in MEGA7.
Gene construction for the Overexpression of AALK studies
The full-length open reading frame of the AALK genes [Glyma.17G178800(869bp),
Glyma.11G058800(916bp) and Glyma.05G081900(854bp)] was amplified by PCR using
a cDNA of roots and leaves of soybean mRNA. The PCR amplified AAPK-like kinase
genes were cloned into the pENTRO/D-TOPO cloning vector (Invitrogen, Carlsbad, CA)
and then sequencing was done to confirm the desired sequence. LR clonase reactions
transferred the AALK kinase gene in the pENTR/D-TOPO cloning vector into the
pRAP15 vector (13,796 nucleotides in length) for overexpression studies (Matsye et al.,
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2012). The pRAP15 vectors contain a single Gateway® (Invitrogen, Carlsbad, CA)
compatible with attR1-ccdB-attR2 cassette whose expression is driven by the figwort
mosaic virus sub-genomic transcript (FMV-Sgt) promoter. The cassette is designed to
drive the overexpression of full-length genes. The pRAP15 vector contains an enhanced
green fluorescent protein (eGFP) gene driven by the rolD promoter, thus after
transformation plants can be identified by examining eGFP expression. The pRAP15
vector has the tetracycline resistance gene for bacterial selection engineered into a BstEII
site that lies outside the left and right borders (Matsye et al., 2012). The eGFP gene
product is a visual beacon for screening transformed roots. The eGF cassette was ligated
into a HindIII site of pRAP15. The Gateway® compatible attR1-ccdB-attR2 cassette was
engineered into the pRAP15 vector between SpeI (5’) and XbaI (3’) sites. The inserted
gene cassette is terminated by the cauliflower mosaic virus 35S terminator. The attR sites
are LR bacteriophage λ-derived recombination sites. The ccdB gene is one selective
agent for E. coli selection. The attR cassette is interrupted by a ccdB selectable marker
gene that acts as an intron. Therefore, genetic engineering of AALK genes into pRAP15
would result in a gene positioned in the correct orientation for overexpression (Matsye et
al., 2012). The pRAP15 vector with AALK genes was introduced into Agrobacterium
rhizogens strain K599 and then transferred into soybean roots as (Glycine max cv.
Williams 82) by Agrobacterium rhizogenes-mediated transformation (Klink et al., 2008).
Root transformed with empty pRAP15 will serve as a control.
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Gene construction for silencing of AALK genes via RNA interference (RNAi) approach
To generate an RNAi construct for the AALK genes, gene-specific fragments
(~300 base pairs long, Glyma.17G178800, Glyma.11gG58800, and Glyma05G081900)
were amplified by PCR. The PCR-amplified fragments were cloned into the pENTR/DTOPO cloning vector (Invitrogen, Carlsbad, CA). After that, LR clonase reaction was
performed to transferred cloned pENTR/D-TOPO into the pRAP17 destination vector
(15,540 nucleotides in length) (Klink et al., 2009), resulting in the insertion of the
selected fragment of the AALK genes in the sense and antisense orientation into two
regions linked by chloramphenicol resistance gene. The pRAP17 vector also contains an
enhanced green fluorescent protein (eGFP) gene driven by the rolD promoter. The
pRAP17 vector has the tetracycline resistance gene (TetR) for bacterial selection
engineered into a BstEII site that lies outside the left and right borders. The eGFP gene
product is a visual beacon for screening transformed roots. The eGFP cassette was
ligated into a HindIII site of pRAP17. The tandem inverted repeat cassette was
engineered into the pRAP17 vector between SpeI (5′) and XbaI (3′) sites. The
expression of the tandem inverted repeat cassette is driven by the figwort mosaic virus
sub-genomic transcript (FMV-Sgt) promoter. This promoter exhibits robust and
constitutive root expression. The RNAi constructs with inserted AALK gene fragments
in the pRAP17 vector was introduced into Agrobacterium rhizogenes strain K599 and
then transferred into soybean roots ( Glycine max cv Williams 82) by Agrobacterium
rhizogenes-mediated transformation (Klink et al., 2008). Roots transformed with empty
pRAP17 will be the control (Klink et al., 2009).
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Generation of transgenic lines
The slightly modified version of the protocol was used in this experiment as
described by Matsye et al., 2012. Ten days old soybean seeds (Glycine max Williams 82)
grown in sands in the greenhouse at ambient temperature (~26-29 °C) were used as
explant for In-planta transformation. The cleaned explants were cut at hypocotyl and
removed all the roots with a sterile blade and immediately deep into Agrobacterium cocultivation medium. Then the rootless plants underwent vacuum infiltration for 30 min,
and vacuum was released slowly. Then the explants were covered and incubated
overnight at 28°C at 50 RPM in a rotary shaker in the dark. After overnight incubation
the cut ends of explants were placed individually ~4cm deep into fresh vermiculite
(Palmetto Vermiculite Company, Woodruff, SC) in a covered 67.3x40.1x26.4 cm plastic
container (Rubbermaid®; Rubbermaid Home Products; Fairlawn, OH) in 50-cell flats in
an incubation room. The temperature of incubation room was set at 26±2 °C and
fluorescent white light 4,100K (32-watt bulbs) emitting 2800 lumens were used as light
source. After seven days of incubation, plants were uncovered and transferred to the
greenhouse (Fig 2.1).
Confirmation of transgenic plants
The one-month-old putative transgenic plants were used to determine the eGFP
expression using the Dark Reader Spot Lamp (Clare Chemical Research). The only
transgenic roots showed green color since both the vector has eGFP (Fig 2.1H). The only
transformed root showing green color were kept, and rest were trimmed. After trimming
plants were transferred into pots containing 1:1 mixture of sand and soil and allowed to
recover for a week.
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Figure 2.1

The process of genetic transformation in soybean roots through
Agrobacterium rhizogenes

Molecular analysis
Total RNAs were extracted from leaves or roots of soybean plants using RNeasy
Mini Kit (Qiagen) following the manufacturer's procedure. RNA samples were digested
with RNase-free DNase I (Qiagen) to remove genomic DNA contamination. RNA
concentrations were determined using NanoDrop 2000C (Thermo Scientific, Wilmington,
DE, USA). A260/280 values of all RNA samples used in this study ranged from 1.8 to
2.2, and A260/230 ratios of all samples were above 2.0. The RNA quality was also
monitored on 1.2% agarose gel electrophoresis. cDNA (Complementary DNA) were
synthesized from the total RNA samples using the SuperScript First-Strand Synthesis
System (Invitrogen, Carlsbad, CA) with an OligodT primer. Confirmation of
overexpression of the AALK genes in the transformed plants was done by PCR
amplification of the cDNA using eGFP primers as well as gene-specific primers. The
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Quantitative Real-Time PCR analysis was performed using BioRad CFX96 thermocycler
for the confirmation of silenced and overexpression of the AALK genes in transgenic
plants. The 60s ribosomal gene primers were used as endogenous control. The relative
expression levels will be determined as described previously (Livak and Schmittgen,
2001). The primers names and sequences were listed in Supplemental Table A2.
Drought Stress treatment and estimation of chlorophyll, flavonoids, anthocyanin,
and nitrogen balance index
To investigate the role and mechanisms of AALK genes in drought stress
tolerance, Four-weeks old transgenic lines along with vector control were subjected to
drought stress by withholding water supply for seven days. Photos were taken to visualize
the phenotypes, and morphological data were taken. The chlorophyll (Chl) content,
anthocyanin (Anth), and flavonoids(Flv) were measured under stress conditions were
performed after applying a stress using Dualex®Scientific (FORCE-A (Fluorescence and
Optoelectronics Research for the Communication between Ecophysiology and
Agriculture), Orsay Cedex, France) as described by Cerovic et al. (Cerovic et al., 2012).
Nitrogen balance index (NBI) were also calculated using Dualex data. NBI is the ration
of Chl/Flav. After seven days of drought treatment, roots samples were collected for
RNA isolation.
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RNA isolation, cDNA library construction and sequencing
Three biological replicates were used for all RNA-seq experiments from drought
treatments of transgenic knockdown lines along with control. The total RNA was isolated
from roots of soybean plants using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA).
RNA samples were digested with RNase-free DNase I on column according to
manufacturer’s protocol (Qiagen, Valencia, CA) to remove genomic DNA contamination.
RNA quality and integrity were verified using Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). The RNA Integrity Number (RIN) value ≥ seven were
only used in this experiment. The quantification of the total RNA was also performed by
a NanoDrop 2000 (Thermo Scientific) and 1.2 % agarose gel electrophoresis.
Illumina sequencing using Sanger/Illumina 1.9 platform was performed at otogenetics
corporation (Ontogenetics® Corporation, Winter Chapel Road, Atlanta, GA).
Data processing and analysis
The RNA-seq reads generated by the Illumina were initially processed to remove
the adaptors sequences and low reads using the DNAnexus platform (DNAnexus, Inc.,
San Francisco, CA). After filtering, clean reads were used for the downstream
bioinformatics analysis. In the pipeline, the poor reads were cleaned using the software
called Trim Galore (0.4.0)
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). High-quality
mRNA-seq reads were aligned to the Glycine max reference genome (Wm82.a2.v1
version) using Spliced Transcripts Alignment to a Reference (STAR) Aligner (version
2.5.0b). STAR has a potential for accurately aligning long reads that are emerging from
the third-generation sequencing technologies (Dobin et al., 2013). STAR Aligner was
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then run with the default parameters and a reference GTF file using the –G option, and
replicates of each treatment/sample were mapped independently to improve alignment
sensitivity and accuracy for further analysis.
Sequence data analysis and differential counting
Only uniquely mapped reads were used in the analysis. The gene expression
levels were estimated using HTseq software (Anders et al., 2015). HTseq only counts the
reads which unambiguously mapped to a single gene, whereas reads aligned to multiple
positions or overlapping with more than one gene are discarded. For each treatment, a
pairwise comparison was performed between the control and RNAi silenced samples
using all three libraries synthesized from plants of the same treatment. The differential
gene counts were estimated using edgeR. EdgeR uses the negative binomial as the
reference distribution and provides its normalization (Robinson et al., 2010). A ratio of
expression (fold-change) was performed by dividing values of gene expression under
stress treatments and control conditions. False Discovery Rate (FDR) was calculated to
qualify statistically significant differentially expressed genes by avoiding inflation of
type-1 errors. Differentially expressed genes between different treatments were identified
based on the following criteria: (FDR) <0.001 and logFC (fold-change) ≥2. The downand up-regulation of the genes were calculated in the range of ≤ -2 to ≥ 2 logFC (fold
change) respectively.
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Functional classification
GO Enrichment
Differentially expressed genes were functionally classified using gene ontology
(GO) terms(Ashburner et al., 2000). The GO terms associated with the genes were
compared with a soybean genome (Wm82.a2.v1 version) using the AgriGO tool version
v2.0 (Tian et al., 2017) to detect which GO terms were significantly enriched or depleted
in a given comparison. To decrease the redundancy, results provided by AgriGO were
analyzed by the Reduced Visualize Gene Ontology (REVIGO) method using small
similarity (0.05), SinREl as the semantic similarity measure (Supek et al., 2011).
Pathway and TF identification and Analysis
KEGG Pathway (http://www.genome.jp/kegg/pathway.html) enrichment analysis
was used to identify significantly enriched metabolic or signal transduction pathways in
differentially expressed genes compared with the whole genome background. The
drought treated genes in RNAi silenced lines along with control were plotted by
MapMan(Usadel et al., 2009). Multiple biological and metabolic pathways were plotted
together based on log fold change differences indicated by a green and red schema. The
statistical cutoff of the fold change was 2. The TFs and transcription-related genes were
also mapped and plotted by MapMan. A more detailed TF family annotation was
obtained from plantTFDB (Jin et al., 2017).
Quantitative Real-Time PCR (qPCR) validation of gene expression
Root tissues from vector control and RNAi silenced plants under control
conditions, and drought stress conditions were used in total RNA extraction, DNase
treatment and in cDNA synthesis as described previously. qPCR was carried out in 9625

well plates with CFX Real-Time PCR Detection System (Bio-Rad, Hercules, USA) using
SsoFast™ EvaGreen® Supermix with three independent biological replicates. 20 ng of
cDNA determined by NanoDrop 2000C spectrophotometer (Thermo Scientific,
Wilmington, DE, USA) were used for qPCR. The relative quantitative analysis was
performed under the following conditions: 95 °C for 3 min and 40 cycles at 95 °C 10 sec,
60 °C 30 sec and 72 °C for 30 sec. The melt curve analysis is ranging from 60 to 95 °C,
was used to identify the different amplicons, including non-specific products. To ensure
specific product agarose gel run was performed with qPCR products. Total 21 Soybean
genes that were up- or down-regulated were assayed in this experiment. Gene-specific
primers were designed using Primer3 software, and their sequences are shown in
supplemented Table 2. Raw data were analyzed according to the 2 ^-(∆Ct) based on Livak
and Schmittgen (Livak and Schmittgen, 2001), applying 60S as endogenous genes (Le et
al., 2012a) reported that 60s are the best choice when a single reference gene is required.
Results
Identification of GmSnRK2 members in soybean
In a genome-wide search using the sequences of Faba bean (AF186020.1) as
references to AAPK homologs sequences in the soybean genome, 22 putative genes were
found that encode SnRK2 family protein kinases in the soybean in soybean genome
database (https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Gmax) (Table
S1). These GmSnRK2 genes were distributed among all the 12 different chromosomes.
Ten SnRK2 family proteins have been reported to be encoded in the rice (Oryza sativa)
and Arabidopsis (Arabidopsis thaliana). The phylogenetic tree was constructed using
MEGA7 version 7.0 to investigate the evolutionary relationship (Kumar et al., 2016)
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based on protein sequences of soybean, rice, and Arabidopsis SnRK2 family. The
neighbor-joining phylogenetic tree suggests that these protein kinases can be divided into
three group which is consistent with a previous report, the 10 SnRK2s of rice and
Arabidopsis were distributed within three groups (Fig 2.2). Each subgroup contains
members from both Arabidopsis and rice SnRK2, demonstrating that the distinction of
these subclasses originated before the divergence of dicots and monocots. Compare to
Arabidopsis and rice; soybean has more SnRK2 gene family in each group. Group I and
III were the biggest group with 8 GmSnRK2 members, whereas Group II has only 6
GmSnRK2 members. Vicia faba AAPK, Arabidopsis SnRK2.2/2.3/2.6 and rice
SAPK8/9/10 are reported to be activated by ABA and are included in group III. The
protein sequences of Glyma.17G178800 is 81.54% identical to GmAAPK from Glycine
max (Luo et al., 2006), 77.18% identical to AAPK from Vicia faba (Assmann, 2000),
75.16% identical to AtSnRK2.3/SnRK2I (Nakashima et al., 2009), and 75.16% identical
to AtSnRK2.2/SnRK2D (Nakashima et al., 2009). The Glyma.17G178800 is more
homologous to AAPK than AtSnRK2.2/2.3. Therefore, the corresponding gene
Glyma.17g178800 was named AALK1. Based upon the phylogenetic analysis, these 8
identified GmSnRK2 family members (Glyma.01G183500, Glyma.02G135500,
Glyma.05G081900, Glyma.07G178600, Glyma.07G209400, Glyma.11G058800
(GmAAPK), Glyma.17G178800, and Glyma.20G009600) could be activated by ABA
since all placed in the same group III along with AAPK, OST1, AtSnRK2.2, AtSnRK2.3,
and OsSAPK8/9/10 which belongs to the ABA activated group (Fig. 2.2)
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Figure 2.2

Phylogenetic analysis of SnRK2s protein kinase in Arabidopsis thaliana,
Oryza sativa and Glycine max by Neighbor-joining (NJ) method. Group IABA-independent kinases, Group II- kinases not dependent or weakly on
ABA, Group III- ABA-dependent kinases. The tree was built using MEGA
7 and presented using Fig Tree v1.4.3.
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Sequence analysis of the Abscisic acid-activated protein kinase (AAPK)
SnRK2 proteins have an important domain in their N-or C-terminal regions. In
Domain analysis, we compared the previously published abscisic acid-activated group III
protein kinase in Arabidopsis and rice, along with AAPK fava bean and identified eight
soybean genes in C-terminal. We found two conserved domains; i.e., domain I is nearly
30 amino acids starting from the end of the kinase domain, and domain II is about 40
amino acids long starting from the end of domain I (Fig 2.3) which is consistent with a
previously published study (Kobayashi et al., 2004;Yoshida et al., 2006). According to
the previous study, Domain-I is required for the activation by osmotic stress,
independently of ABA whereas, domain II is needed for the ABA response, ABAdependent(Kobayashi et al., 2004;Yoshida et al., 2006).

Figure 2.3

Sequence analysis of the C-terminal region in ABA-activated protein
kinases of Arabidopsis thaliana, Oryza sativa, and Glycine max. The cterminal region was divided into two parts, i.e., Domain-I (solid black line)
involved in ABA-independent activation in response to osmotic stress and
Domain-II (dotted blue line) required for ABA-dependent activation of
SnRK2s. Identical amino acid residues are boxed, and similar residues are
shaded in gray. Dashes indicate gaps in the sequences to allow the maximal
alignment.
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Overexpressing and silencing of abscisic acid-activated protein kinase gene (AALK)
in Soybean
To investigate the gain-of-function and loss-of-function phenotypes of AAPK like kinase
gene in soybean through transgenesis, gene overexpression and RNAi-mediated gene
silencing (RNAi) constructs were prepared. Three (Glyma.17G178800,
Glyma.11G058800, and Glyma05G081900) genes were cloned which are more
homologous to Vicia faba AAPK as shown in the phylogenetic tree (Fig 2.2) thus
corresponding gene named as an AAPK-like kinase (AALK). AAPK-like kinase genes
were cloned into a pRAP15 vector for the overexpression of AALK genes whereas, for
the silencing of these AALK genes (Glyma.17G178800, Glyma.11G058800, and
Glyma.05G081900), RNAi construct of aalk was generated in pRAP17 destination
vector. Root transformation was performed using Agrobacterium rhizogenes in soybean
plants (Fig. 1). Transformants were selected based eGFP expression showing green color
under the Dark Reader Spot Lamp (Fig 2.1h). RT-PCR analysis using Prime Thermal
Cycler (Bibby Scientific Ltd, UK) showed high expression of eGFP expression in both
overexpression and knockdown lines which further confirmed the transgenes in
transgenic lines. The eGFP expression was shown in Fig. 2.4a. Also, expression and
silencing of AALK gene were detected by qRT-PCR (Fig 2.4c&d) and the list of primers
shown in Table A2.
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Figure 2.4

Confirmation of transgene through reverse transcriptase PCR using root tissues of soybean
plants. a) The confirmation of eGFP expression in soybean overexpression (OX)
transgenic lines of AALK genes. L: refers to 100bp plus DNA ladder (Thermo scientific
Cat No. #SM0321); C= negative water control for the PCR reaction, S1:
Glyma.05G081900-OX, S2: Glyma.11G058800-OX, S3: Glyma.17G178800-OX & S4:
Vector control transgenic lines] b) confirmation of overexpression of AALK genes. L:
refers 1kb DNA ladder plus (Thermo scientific Cat No. #SM1331), C= negative water
control for PCR reaction, and S1: Glyma.11G058800-OX, S2: No amplification, S3:
Glyma.17G178800-OX1, S4: Glyma.17G178800-OX2, S5: Glyma.05G081900-OX1 &
S6: 5 Glyma.05G081900-OX2 transgenic lines]. The relative expression level of AALK1
gene was analyzed in root tissues of c)overexpression (OX) line d) aalk1RNAi silencing
(RNAi) lines through quantitative real-time (qRT)-PCR. For the internal reference, the rice
actin gene was used. Error bars represent the mean± SE of triplicate measurements.
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Overexpression of AALK showed increased tolerance to water deficit

To investigate the physiological function of AALK, we generated and selected
three independent lines of AALK-Overexpressing and aalk-RNAi silencing plants for the
further study, respectively. Among three AALK genes, Glyma.17G178800 showed
better response and thus was selected for further study. The corresponding gene named
AALK1. There were no obvious phenotype differences among vector control,
overexpression and RNAi silenced plants. Four-week-old (after root trimming) transgenic
plants along with control were subjected to drought stress by withholding water for seven
days. The observation showed that there was no difference between overexpression,
RNAi silenced and control lines in the first three days drought stress. Control and aalk1RNAi silenced plants started wilting after four days of stress. However, the AALK1Overexpressing plants did not show wilting until seven days of drought, indicating that
overexpression of AALK1 genes in soybean plants resulted in increased resistant to
drought stress (Fig. 2.5a). The root system of soybean plants of overexpression lines was
developed with more new branches than RNAi silenced and control lines under drought
stress (Fig 2.5b).
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a

b

Figure 2.5

Control

Control

aalk1-RNAi

AALK1-OX

AALK1-OX

aalk1-RNAi

Overexpression of AALK1 conferred resistant to drought stress. a) control,
aalk1-RNAi silencing and AALK1-overexpressing plants were subjected to
natural drought stress on four-week-old plants after trimming after seven
days of drought stress. b) The root system of control, aalk1-RNAi silenced
and AALK1-overexpression lines after seven days of drought stress.
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The chlorophyll content, anthocyanin, flavonoids, and nitrogen balance index of soybean
plants were measured after drought stress (Fig. 2.6) using the handheld instruments called
Dualex Scientific. Dualex uses the fluorescence and light transmission of a leaf to
determine the leaf status. There is a clear difference in chlorophyll content, and nitrogen
balance index between AALK1-overexpression lines as compared to aalk1-RNAi silenced
plants whereas there are no significant differences between control and RNAi-silenced
soybean transgenic plants. However, flavonoids and anthocyanin were significantly
decreased in AALK1-overexpression lines as compared to control and RNAi-silenced
plants.

a)

b)
*

c)

*

d)

*

*

Figure 2.6

Comparison of physiological indices related to drought stress response for
control, aalk1-RNAi silencing, AALK1-overexpressing lines. a)
Chlorophyll content, b) Flavonoids, c) Anthocyanin and d) nitrogen
balance index using Dualex instruments. The values are mean and standard
errors of five replications in each line. An asterisk (*) indicates significant
differences in comparison to the RNAi silenced lines at P<0.05.
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Differentially expressed genes (DEGs) in response to drought stress in the soybean
root
The expression pattern of control and aalk1-silenced soybean transgenic plants
was evaluated under normal and drought conditions, after seven days of drought stress. In
this study, each condition was represented by three biological replicates, resulting in 12
pairwise comparisons between control and drought-treated plants of control and aalk1RNAi silenced plants. Four comparisons were analyzed in this study, i.e., Group (1) the
genotypes aalk1-RNAi and control under drought treated conditions (green color); Group
(2) the genotypes aalk1-RNAi vs. control under untreated (normal) conditions (red
color); Group (3) the genotype control under the drought-treated and untreated conditions
(yellow color), and Group (4) the genotype aalk1-RNAi in comparison with drought
treated and untreated conditions (blue color) as shown in Fig 2.7. To avoid false positives
and reliability identified the most significant changes in gene expression, only genes with
FDR <0.001, logFC (fold-change) ≥2 and P-value <0.01 were considered to improve
confidence. The down- and up-regulation of the genes were calculated in the range of ≤ 2 to ≥ 2 logFC (fold change) respectively. In this study, many genes were differentially
expressed between control and drought conditions. For example, after applying a
stringent cut-off, 6800 genes in control samples, and 2813 genes in the aalk1- RNAi
silenced samples were differentially expressed under drought stress. There are only 69
genes were differentially expressed between aalk1-RNAi silenced plants vs. control
under drought conditions whereas 212 genes in aalk1-RNAi silenced plants vs. control in
normal conditions. A Venn diagram illustrating the division of DEGs into different
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groups along with different treatments is shown in Fig 2.7. Venn diagram also highlights
the overlap of DEGs between four pairwise comparisons.
In group 2, the comparison between aalk1-RNAi vs. control in untreated conditions (Fig
2.7. in red), out of 212 DEGs only eight genes were up-regulated. The majority of the
genes, (i.e., 204 genes ) were down-regulated (Fig 2.8a), and only 18 genes were unique
among all the groups. Likewise, in group 1, the comparison between RNAi vs. control
under drought treated conditions (Fig 2.7 in green) out of 69 genes, approximately half of
the genes (34) were down-regulated, and a half (35) were up-regulated (Fig 2.8b), and
only 27 genes were unique among other comparisons. In group 3, the comparison
between treated vs. untreated conditions in the control sample (Fig. 2.7 in yellow) out of
6800 genes resulted in 4977 up-regulated genes, and1823 down-regulated genes (Fig
2.8b). In this 3rd group, 4142 genes were unique which is the most significant set of
DEGs among all four comparisons comprises 57.7% of total DEGs. In the fourth group,
the comparison between drought treated vs. untreated conditions in GmAAPK RNAi
silenced sample (Fig 2.7 in blue) out of 2813 DEGs resulted in 1669 down-regulated and
1144 up-regulated genes (Fig 2.8b), and 328 genes were unique among all four
comparisons. No genes in common were detected for all four comparisons.
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Control (DT vs UT)

RNAi vs Control(DT)

RNAi (DT vs UT)
Figure 2.7

RNAi Vs Control (UT)

Venn diagram of DEGs which passed the cut-off logFC >2 in four
comparisons performed. Genes shared among the four comparisons is
represented by overlapping circles. Yellow color represents the number of
DEGs resulting from the comparison under drought treated in control
samples; blue color represents the number of DEGs in aalk1-RNAi
silenced in response to drought treatment; green color represents the
number of DEGs resulting from the comparison between the two genotypes
(aalk1-RNAi silenced vs. control) under drought stress conditions; and red
color represents the number of DEGs in response to untreated between
aalk1-RNAi vs. control.

In all the group comparision, moderate expression ratio was detected for most of
the genes, but high fold-changes for few genes were also observed. The highest
differential expression was detected in the group 1 for Glyma.U041300 (logFC 7.57),
which codes for an efflux antiporter, Glyma.U042300 (logFC 6.90) a heat shock family
protein, and Glyma.06G220600 (logFC 6) nucleolar histone methyltransferase-related
protein, Glyma.U000500 (logFC 5.82) bHLH transcription factor in up-regulation
category. Like-wise in most highly down-regulated DEGs in group 1 for
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Glyma.02G252500 (logFC -5.46) uncharacterized protein, Glyma.10G119300 (logFC 5.41) serine endopeptidase family protein, Glyma.03G159000 (logFC -5.19) hydrolases
superfamily protein, and Glyma.08G321200 (logFC -5.17) eukaryotic aspartyl protease
family protein. In group 2, the highest confidence levels (logFC 6) were found for
Glyma.03G058800 with unknown functions for upregulation category. Whereas in
downregulation Glyma.16G177500 (logFC -9.13) metal transporter, Glyma.16G043000
(logFC -8.5) hydroxyproline-rich glycoprotein family protein, Glyma.18G056500 (logFC
-8.35) nuclear transport factor 2 family proteins, and Glyma.06G319000 (logFC -8) plant
invertase/pectin methylesterase inhibitor superfamily. Similarly, in the third group, the
highest differential expression was found mostly for heat shock protein namely
Glyma.07G200700, Glyma.07G200500, Glyma.02G205600, Glyma.08G068700,
Glyma.20G213900, Glyma.08G068800 (logFC 11 to 13), Glyma.14G156400 (logFC 13)
alcohol dehydrogenase 1, and Glyma.09G237600 (logFC 12) for nitrate transporter in
upregulated category. Glyma.15G260700 (logFC -12.94) for eukaryotic aspartyl protease
family protein, Glyma.10G180100 (-11.94) indole-3-acetic acid inducible,
Glyma.18G055400 (-11.64) peroxidase superfamily protein and Glyma.10G126100 with
unknow function are most expressed genes in down-regulated category in the group 3. In
the fourth group in upregulation category, the mostly differentially expressed genes was
found for Glyma.07G200500 (logFC 13.64) which encodes for heat shock protein,
Glyma.13G291800 (logFC 12.75) late embryogenesis abundant domain-containing
protein, Glyma.15G211300 (12.52) NAD(P)-binding Rossmann-fold superfamily protein,
and Glyma.14G063800 (logFC 12) heat shock protein. The highest gene expression was
detected in the 4th group for Glyma.02G028400 (logFC -13.67) matrix metalloproteinase,
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Glyma.02G064100 (logFC -12.48) ribonuclease 1 and Glyma.13G364400 (logFC -12.17)
nodulin in downregulation category.
In this study, 4142 genes were differentially expressed only in control under
drought conditions. In this, the highly expressed gene was detected for
Glyma.09G163000, Glyma.05G065300, Glyma.16G212200, Glyma.09G162700, and
Glyma.09G163600, which mostly encodes trypsin and protease inhibitor protein was
upregulated. Out of 4142 genes included exclusively in control between drought treated
and untreated conditions, Glyma.14G053700, peroxidase superfamily protein,
Glyma.10G021300 thioredoxin superfamily protein, and Glyma.14G032000,
Glyma.02G282300 with unknown function were downregulated. Similarly, there are 328
genes found differentially expressed only in aalk1-RNAi silenced lines under drought
conditions. Among those 328 genes, many of them are moderately represented, and some
are highly expressed. The highly expressed genes were CAP (cysteine-rich secretory
proteins, Antigens 5, and Pathogenesis-related 1 protein) superfamily protein
(Glyma.13G251700), protein kinase superfamily protein (Glyma.04G056900) were
downregulated whereas Glyma.05G177600, Glyma.11G180400 with unknown function
and Glyma.16G173600 (SLAC1 homolog) were upregulated. While comparing aalk1RNAi silenced with Control, in drought conditions, 27 genes were differentially
expressed and most DEGs were efflux antiporter (Glyma.U041300), heat shock family
protein (Glyma.U042300), and nucleolar histone methyltransferase-related protein
(Glyma.06G220600) were upregulated whereas, with unknown function
(Glyma.02G252500), subtilisin-like serine endopeptidase family protein
(Glyma.10G119300) and hydrolases superfamily protein (Glyma.03G159000) were
down-regulated. In the comparison in RNAi and control lines under untreated conditions,
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18 genes were differentially expressed. Out of 18 genes, 16 DEGs were downregulated,
and only two were upregulated, i.e., Glyma.15G173800 RING/U-box superfamily protein
and Glyma.20G114200 cinnamate-4-hydroxylase.

Figure 2.8

The graph is showing the number of up-and down-regulated genes resulting
from the four comparisons performed. A) The DEGs up- and downregulated in contrast between drought treated and untreated conditions in
the case of RNAi vs. control. B) The DEGs up-and down-regulated in the
comparison of RNAi and control in the case of treated vs. untreated
conditions.
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Functional roles of differentially expressed soybean genes in response to drought
stress
Gene ontology (GO) terms are internationally standardized gene function
classification system is widely used to assess their putative biological roles. The singular
enrichment analysis (SEA) were performed using AgriGO softwater version 2.0
(http://systemsbiology.cau.edu.cn/agriGOv2/). In this GO term analysis, the Fisher test
was used as a statistical test whereas Yekutieli (FDR under dependency) were used for
multi-test adjustment and significant level was set P-value <0.05. The total 4142 genes
were differentially expressed only in control under drought conditions (Supplementary
Table A3), highlighted 36 GO terms significantly enriched: “metabolic process”
(GO:0008152), “Oxidation-reduction” (GO:0055114), “regulation of gene expression”(
GO:0010468), and “RNA biosynthetic process” (GO:0032774) in the biological
processes category; “Oxidoreductase activity”( GO:0016491), “hydrolase activity, acting
on glycosyl bonds” (GO:0016798), “transcription factor activity” (GO:0003700), “iron
ion binding” (GO:0005506), and “catalytic activity” (GO:0003824) in the molecular
functions category). “Oxidation-reduction” (GO:0055114), and “oxidoreductase activity”
(GO:0016491) were the most enriched GO terms in the biological and molecular function
categories among the 328 differentially expressed genes in only in RNAi under drought
conditions (Supplementary Table A4). “Hydrolase activity” (GO:00167870, and
“catalytic activity” (GO:0003824) were the most significant enriched GO terms as
molecular functions among 27 uniquely expressed genes between the RNAi lines and
control lines in drought conditions (Supplementary Table A5). “Transferase activity”
(GO:001674) was the only one significant enriched GO term among 18 uniquely
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expressed genes in the comparison between RNAi and control lines in untreated
conditions (Supplementary Table A6).
The common GO terms were enriched in the 2436 common genes under drought
conditions as compared to control, and aalk1-RNAi silenced lines (Supplementary Table
S7). “Oxidation-reduction” (GO:0055114), “response to stress” (GO:0006950), and
“response to oxidative stress” (GO:0006979) in the biological process category;
“photosynthetic membrane” (GO:00343570, and “photosystem II” (GO:0009523) in
cellular process category; “Oxido-reductase activity” (GO:0016491), and “metal ion
binding” (GO:0046872) are in functional categories (Supplementary Table A7) were
enriched GO terms in the common gene list between RNAi and control lines.
Pathway enrichment analysis of DEGs under drought as compared to control
conditions
To study the biological function of differentially expressed genes, pathway
enrichment analysis was performed using Mapman. In the pathway analysis, significantly
enriched metabolic pathways and signal transduction pathways were identified by
comparing soybean genome background.
Transcripts associated with metabolism in soybean roots
There are multiple metabolic-related pathways which respond to drought
treatments have been identified. Transcripts related to cell wall proteins (AGPs), such as
fasciclin-like arabinogalactan-protein, cell wall pectin (such as pectin acetylesterase
family protein, cell wall modifications (Xyloglucan endotransglucosylase/hydrolases)
were mostly downregulated whereas only a few transcripts were upregulated in control
lines as compared to drought treated and non-treated conditions. Similarly, in aalk1RNAi silenced lines also transcripts associated with cell wall protein (AGPs), cellulose
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synthesis (cellulose synthase) were downregulated, and only a few transcripts were
upregulated. There are several gene families (polygalacturonase, pectinase, responsive to
desiccation RD22) were involved in cell wall degradation were downregulated except
two transcripts, i.e., Glyma.05G25370 (polygalacturonase inhibiting protein 1) and
Glyma.10G17550 (polygalacturonase, putative) which were upregulated in control lines
as compared to drought treated and untreated conditions. In case of aalk1-RNAi lines,
several gene families (polygalacturonase, pectate lyase family protein, pectinase)
involved in cell degration were mainly down-regulated whereas only one transcripts
Glyma.10G17550 (polygalacturonase, putative) were upregulated (Fig 2.9). Most of the
DEGs involved in lipid metabolism (i.e., fatty acid synthesis, elongation, desaturation,
and degradations) were inhibited in control lines between drought treated and untreated
conditions.
Similarly, in aalk1-RNAi silenced lines, only a few transcripts were identified in
lipid metabolism among them many are downregulated, and only a few transcripts were
upregulated as compared to drought treated with untreated (Fig 2.9b). Most of the
differentially expressed genes involved in secondary metabolism (including wax,
fermentation, flavonoids, lignin, and glycolysis-related genes) were found to be
downregulated whereas only a few transcripts were identified upregulated in control and
aalk1-RNAi silenced lines as compared to drought treated vs. untreated. There are 189
transcripts were detected in control whereas just 93 transcripts were detected in aalk1RNAi silenced line in secondary metabolism (Fig 2.9). These results showed aalk1
knockdown gene has adverse effects on the metabolic processes of roots and the downregulated metabolism may slow down root growth in drought conditions as compared to
control conditions.
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Carbohydrate metabolism in soybean roots under drought conditions as compared
to control
There are total 69 transcripts were identified in carbohydrate metabolism in
control lines whereas only 30 transcripts in aalk1-RNAi silenced lines between drought
treated vs. untreated. Three protein kinase genes associated with fructokinase were
decreased at transcript level and the 16 genes encoding sucrose invertases that are present
in the cell wall, and vacuole was down-regulated whereas six genes were upregulated
(Fig 2.9a) in control lines. Conversely, raffinose synthases, starch cleavage related genes
were up-regulated. However, one transcript encodes starch cleavage (beta-amylase) was
down-regulated in control lines. Genes encoding trehalose phosphatase/synthase that are
present in trehalose were downregulated. Similarly, hexokinase, sucrose synthase gene
families were down-regulated in control lines as compared to treated vs. untreated
conditions (Fig 2.9a). There are only one transcript identified in aalk1-RNAi silenced
lines for fructokinase was also downregulated, however, galactinol, raffinose synthase,
starch cleavage and stachyose synthases related genes were upregulated in drought
treated vs. untreated conditions (Fig 2.9).
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Figure 2.9

Distribution of up-(red) and down- (green) regulated genes in metabolic
pathways in response to drought stress. Drought mediated expression
changes in the metabolic pathways in control lines (A) and RNAi lines (B).
The figure was generated using MapMan and shows differential gene
expressions that passed the cut off of log2FC>2.
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Hormone regulation network under drought conditions as compared to control
In this study, total 57 transcripts associated with auxin synthesis and signaling
pathway genes were differentially expressed in control whereas only 34 transcripts found
in aalk1-RNAi silenced lines under drought conditions. Among them, genes related to
auxin biosynthesis (IAR3, IAA-alanine resistant 3; metallopeptidase) were found to be
down-regulated in both aalk1-RNAi silenced and control lines under drought conditions.
5 different auxin transporter genes (PIN1, PIN2, PIN6, PIN7, AUX1) and one amino acid
permease were differentially expressed in control lines whereas only one auxin
transporter genes (AUX1) and one amino acid permease found in aalk1-RNAi silenced
line were found to be downregulated under drought conditions (Fig 2.10). Out of 57
transcripts, 47 transcripts were auxin-responsive genes which are more than 80 percent.
Among these auxin-responsive genes, 16 transcripts were upregulated, and rest were
downregulated in control under drought conditions. In aalk1-RNAi silenced lines, out of
34 transcripts, 31 were auxin-responsive genes (90% total auxin-responsive genes) were
identified, and half of them found upregulated, and half were downregulated under
drought conditions (Fig 2.10b).
Total 22 transcripts were associated with abscisic acid synthesis, and signaling pathways
were differentially expressed in control lines whereas only seven transcripts were found
in RNAi lines under drought conditions. Among 22 transcripts, 50% transcripts were
associated with abscisic acid synthesis [HVA22J, CCD8 (Carotenoid cleavage
dioxygenase 8), AAO3 (Abscisic aldehyde oxidase 3), AAO2 (Abscisic aldehyde oxidase
2), CCD7, NCED4 (Nine-cis-epoxy carotenoid dioxygenase 4)] in control lines, out of
11, nine were downregulated, and two were upregulated under drought conditions. One
transcript (ABA-responsive element binding protein 3, AREB3) identified in signal
46

transduction was found to be downregulated in control samples under drought conditions.
Total ten transcripts were found ABA-responsive genes, and half of them were
downregulated (ATHVA22A, HVA22A/C/F), and half were upregulated (ATEM6,
GRAM domain, ATHVA22D) in control lines as compared to treated vs. untreated
conditions (Fig 2.10a). In aalk1-RNAi silenced lines, four transcripts were identified in
abscisic acid synthesis (AAO2, AAO3, NCED5) and three transcripts for ABAresponsive genes (Gram domain-containing protein, HVA22D) and all found to be
upregulated under drought conditions (Fig 2.10b).
In our results, 128 transcripts associated with the ethylene pathway were
regulated, and most of the ethylene signal transduction and synthesis related genes were
downregulated in control under drought conditions. Some universal stress protein family,
ethylene response factor genes were upregulated, and some are downregulated in control
as under drought conditions (Fig 2.10b). In this study, only 56 transcripts were associated
with the ethylene pathway in aalk1-RNAi silenced under drought conditions (Fig 2.10b).
Among them, most are downregulated, and only a few transcripts are downregulated.
Genes potentially involved in other hormonal pathways were also differentially
expressed in this study. Jasmonic acid (JA, 34 genes), gibberellin (GA, 27 genes),
salicylic acid (SA, six genes) and cytokinin (15 genes) are found in control under drought
conditions (Fig 2.10a). Out of 15 cytokinin genes, only cytokinin-independent 1 (CKI1)
was upregulated whereas rest are down-regulated and play a role in cytokinin signaling in
control samples. In GA and SA all the differentially expressed transcripts were
downregulated. Out of 34 transcripts in JA, nine transcripts ( Lipoxygenase 3 (LOX3),
CYP74A, OPR1(12-oxophytodienoate reductase 1), OPR2, OPR3) were upregulated, and
rest are downregulated in control samples.
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Likewise, Jasmonic acid (JA, 34 genes), gibberellin (GA, 27 genes), salicylic acid
(SA, six genes) and cytokinin (4 genes) were differentially expressed in aalk1-RNAi
silenced lines under drought conditions (Fig 2.10b). In cytokinin pathways, CKI1 were
also upregulated and rest three such as ATIPT5, CKX3 (cytokinin oxidase 3), CKI2 were
downregulated in RNAi lines. Genes OPR1, OPR2, OPR3, and CYP74A were
upregulated in JA pathways whereas rest transcripts were downregulated in aalk1-RNAi
silenced lines under drought conditions.
B: RNAi

A: Control

B:
RNAi

A:
Contro
l

Figure 2.10

Distribution of up-(green) and down- (red) regulated genes in hormonal
pathways in response to drought stress. Drought mediated expression
changes in the hormonal pathways in control lines (A) and aalk1-RNAi
silenced lines (B). The figure was generated using MapMan and shows
differential gene expressions that passed the cut off of log2FC>2.

Transcription factor (TF) modulation network in the soybean root
Many transcription factors exhibited altered expression patterns in soybean roots
underlying drought stress treatment. A ven-diagram illustrating the classification of TFs
(628 TFs) onto different groups based under normal conditions as well as drought
conditions is shown in Fig 2.11. In control lines only, there is a large number of TFs
(63.5%) were differentially expressed under drought conditions. Among them, 322 TFs
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were downregulated, and only 77 TFs were upregulated (Fig 2.11). 29% of identified
TFs were overlapped between control, and aalk1-RNAi silenced lines. Only a few TFs
were differentially expressed only in aalk1-RNAi silenced lines. In aalk1-RNAi silenced
line only 30 TFs were differentially expressed, which is only 4.8% of total identified TFs.
Among them, 17 were downregulated, and only 13 TFs were upregulated. Further, the
family analysis was performed on identified TFs. Only one TFs were differentially
expressed in drought treated, and untreated conditions in aalk1-RNAi silenced lines vs.
control lines, i.e., Glyma.U000500 (Upregulated) belongs to bHLH family and
Glyma.13G177400 (downregulated) belongs to SBP family, respectively (Supplementary
Table A8). Only 4 TFs were identified in aalk1-RNAi silenced lines vs. control lines
under drought treatment. Among them, three TFs (Glyma.06G050300: Zinc finger,
Glyma.07G178500: G2-like, Glyma.09G240000-WRKY) were downregulated and
Glyma.U000500 (bHLH) was upregulated. However, a total of 13 TFs were identified in
aalk1-RNAi silenced lines vs. control lines under untreated conditions (Fig 2.11), all are
downregulated. Among them, Glyma.02G157300 belongs to MYB_related family was
highly downregulated among all in this category (Supplementary Table A8). In aalk1RNAi silenced lines 217 TFs were differentially expressed, among them 87 were
upregulated whereas 127 were downregulated under drought conditions (Supplementary
Table A9). Likewise, in Control lines more than 60% TFs were differentially expressed
among all the groups, there are 595 TFs were differentially expressed, among them 152
were upregulated, and 443 were downregulated under drought conditions (Fig 2.11,
Supplementary Table A10).
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Figure 2.11

RNAi (DT vs UT)

Control (DT vs UT)

Venn diagram of a number of transcription factors in different treatments,
(DT: drought treated, UT: untreated). Blue colored down arrow indicates
downregulation of the genes and green colored up arrow indicates
upregulation of the genes.

The TFs regulated explicitly in control, and aalk1-RNAi silenced lines under
drought conditions were selected for further gene family analysis. Majority of TFs
belongs to these two categories. Gene belongs to the ERF (ethylene response factor),
MYB (Myeloblastosis), bHLH (basic helix-loop-helix), C2H2, NAC, WRKY, GRAS,
bZIP, HDZIP, G2-like and Dof family mostly represents most of the differentially
expressed TFs in control lines under drought treated vs. nontreated conditions. ERF
represents the highest number (93) of transcripts followed by MYB (61), bHLH (55),
C2H2 (47), NAC (38) and WRKY (37) as shown in Fig 2.12. Gene belonging to the
bHLH (basic helix-loop-helix), MYB (Myeloblastosis), WRKY (is a class of DNAbinging proteins), ERF (Ethylene responsive transcription factor), NAC family represents
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most of the differentially expressed TFs in aalk1-RNAi silenced lines under drought
treated vs. nontreated conditions. ERF represents the highest number (36 TFs) of
transcripts followed by MYB, WRKY, NAC, and bHLH.

Figure 2.12

Class-wise counts of transcription factors differentially expressed in a)
control b) aalk1-RNAi silenced lines under drought conditions.

Stress-related genes are upregulated in Soybean plants by overexpressing AALK1
This study is focused on elucidating the molecular mechanism of stress tolerance
mediated by AALK1 gene in soybean. Therefore, 12 stress-related candidate genes were
selected for expression in AALK1-overexpressing lines under drought treatment by
qPCR. RAB18 and RD29 are known as ABA marker genes (Hauser et al., 2017). Both
genes (Glyma.09G185500, Glyma.09G139600) are upregulated in AALK1overexpression lines under drought treatment. Similarly, rab family GTPase gene
(Glyma.08g345300) was highly upregulated in AALK1-overexpression lines under
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drought treatment. Likewise, Glyma.05G219400 (encodes heat shock 70kDa protein 5),
Glyma.15g034500 (encodes MYB transcription factor MYB82), Glyma.01g119600 (
encodes stress-induced protein), Glyma.08G032800 (encodes Oxidative stress 3) were
also upregulated in AALK1-overexpression line under drought The NINE-CISEPOXYCAROTENOID DIOXYGENASE 3 (NCED3),a gene that encodes a key enzyme
for abscisic acid (ABA) synthesis under conditions of dehydration stress (Takahashi et
al., 2018), was also showed upregulation in AALK1-overexpression lines under drought
treatment. Also, Glyma.02G259300 (encodes peroxidase superfamily protein),
Glyma.05G200400 (encodes homeodomain-like superfamily protein), Glyma.16G198700
(encodes a MATE efflux family protein) and Glyma.14G201100 (encodes Omethyltransferase family protein) were upregulated in AALK1-overexpression lines
under drought treatments (Fig 2.13).
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Figure 2.13

The expression of stress-related candidate target genes in AALK1overexpression (Blue color) and RNAi lines (Orange color) of soybean
under drought treatment. Error bars represent the mean ± S.E of triplicate
measurements.
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Quantitative Real-Time PCR (qPCR) validation of differentially expressed
transcripts from RNA seq
To validate the RNA seq expression data and its reliability, 20 differentially
expressed genes were selected for qPCR analysis. To compare these two different
methods, the relative expression from the qPCR was transformed into fold change by
base 2 with the RNA seq fold change value. The 20 selected genes for this comparison
included genes associated with metabolism, stress response, transcription factor.
Glyma.08G162400 (Eukaryotic aspartyl protease family protein) and nuclear factor Y
(Glyma.07G249000) were induced in both control, and aalk1-RNAi silenced lines under
drought treatment vs. nontreated conditions. However, stress-induced related genes
Glyma.01G106800 (Heat shock protein (HSP20) family protein),
Glyma.03G056000(stress-induced protein) and Glyma.12G235800 (dehydrin family
protein) showed upregulation in both aalk1-RNAi silenced lines, as well as control lines
under drought, treated conditions. The transcription factors (DREB2C;
Glyma.18G206600) was also upregulated in both allk1-RNAi lines as well as control
lines under drought conditions in RNA seq data but in qPCR Glyma.12G235800 and
Glyma.03G056000 were induced in aalk1-RNAi silenced vs. control in untreated
conditions (Fig 2.14).
After comparing the results between qPCR and RNA-seq, the expression patterns
form the qPCR were highly consistent with the RNA-seq results. Furthermore, a
correlation between RNA-Seq and qPCR was evaluated using log2 expression levels. The
qPCR measurements were highly correlated with the RNA seq results (y = 0.7143x +
0.0344, R² = 0.7499) as shown in Fig 2.15. The comparison of data between different
methods showed that our RNA seq data were accurate and efficient. Thus, RNA seq
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results can be used for gene expression analysis during the soybean root response to
drought stress. Notably, a few genes showed different expression patterns between the
RNA seq and qRT-PCR data. These inconsistencies were probably caused by the
relatively low expression of these genes and by no significant being found in RNA seq
data.
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Figure 2.14

Validation of relative gene expression obtained from RNA seq by qPCR A)
Glyma.08G162400 B) Glyma.07G249000 C) Glyma.01G106800 D)
Glyma.18G055400 E) Glyma.15G130900 F) Glyma.02G250000 G)
Glyma.06G176100 H) Glyma.07G143500 I) Glyma.19G239800 J)
Glyma.15G186100 K) Glyma.08G321200 L) Glyma.08G116900 M)
Glyma.07G254600 N) Glyma.02G205600 O) Glyma.03G056000 P)
Glyma.12G235800 Q) Glyma.08G182300 R) Glyma.09G087200 S)
Glyma.06G248900 & T) Glyma.18G206600. Gray and black bars for
qPCR and RNA seq results, respectively. Error bar represents the mean ±
standard error of triplicate measurements.
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Figure 2.15

Correlation between qPCR (Y-axis) and RNA seq (X-axis) data using the
log2 values of differentially expressed genes in control and aalk1-RNAi
silenced lines under drought conditions.
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Discussion
AALK1 possesses typical features of the SnRK2 subfamily group III
The SnRK2s subfamily is osmotic stress-activated protein kinase and has been
well studied in rice and Arabidopsis. Growing evidence indicates that subfamily group-III
are the global regulators of multiple stress signaling pathways. However, subfamily
group-III of SnRK2s are not studied well in soybean. So far only one studied conducted
in this group and showed that GmAAPK is induced by ABA, PEG, Ca2+, and Na+, but
not cold (4°C) treatments in soybean leaves by cDNA array method. No study has been
done in SnRK2s subfamily groupIII for functional characterization by transgenic
approach till date in soybean plants. Thus, this is the first study demonstrated that
AALK1 is a positive regulator of drought stress in soybean plants by the transgenic
approach. Our functional analysis of the soybean SnRK2 family combined with the
phylogenetic analysis, including the full members of Arabidopsis, rice, and fava bean, is
a significance for the study of uncharacterized members of soybean and other plant
species. The phylogenetic analysis showed that AALK1 belongs to SnRK2 subfamily
group-III. AALK1 was clustered together with a well-known member of this group III
such as SAPK8/9/10 and SnRK2.2./2.3/2.6 and reported to be activated by
ABA(Kobayashi et al., 2004;Nakashima et al., 2009). AALK1 is evolutionary more
related to V. faba AAPK than another subfamily group III members of SnRK2.
Previously, the first abscisic acid-activated protein kinase (AAPK) was identified in Vicia
faba which is a guard cell-specific kinase (Li and Assmann, 1996) and showed that
AAPK is a positive regulator of ABA signaling (Assmann, 2000). Therefore, the AALK1
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SnRK2 protein kinase member of subfamily group III kinases may have evolved by
gaining the capacity to be activated by ABA.
The previous study indicates that subfamily group III of SnRK2s are the
regulators of multiple stress signaling pathways, and these have specific characteristics of
functional domains. SnRK2 has two crucial domains. Domain I is about 30 amino acids
starting from the end of the kinase domain and is responsible for osmotic stress and
Domain II is about 40 amino acids starting from the end of Domain I is required for ABA
response(Kobayashi et al., 2004;Yoshida et al., 2006) (Fig 2.3). Domain II is well
conserved among group III of SnRK2 in our data set i.e. three AtSnRK2.2/2.3/2.6, three
OsSAPK8/9/10, V.faba AAPK and our identified soybean gene (AALK1,
Glyma.01G183500, GmAAPK, Glyma.05G081900, Glyma.02G135500,
Glyma.07G209400, Glyma.07G178600, Glyma.20G009600) These results indicate that
these genes may play a role in ABA and osmotic stress response.
Physiological changes in transgenic AALK1 soybean plants under drought stress
Morphological analysis revealed that AALK1 is a positive regulator of drought
stress in soybean plants. The observed increase and decrease in the drought tolerance
ability of AALK1-overexpression and aalk1-RNAi silenced lines, respectively, clearly
indicated that the AALK1 plays an active role in drought tolerance in soybean. Previous
studies on either overexpression or silencing of the ABA-responsive kinases gene in rice
and other plant species have been demonstrated similar results of drought tolerance or
sensitivity, respectively (Assmann, 2000;Boudsocq et al., 2004;Tian et al., 2013; Ouyang
et al., 2010;Wei et al., 2014).
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Environmental stresses often cause physiological parameters changes and
secondary metabolite production in plants. Soil moisture index, Chlorophyll content,
anthocyanin, flavonoids, and nitrogen balance index are the parameters for evaluating
drought stress in our study. Chlorophyll content is one of the crucial parameters for
determination factor for accumulation of biomass and grain yield, as well as an
assessment of drought, heat, and salt tolerant assays. A significant increase in chlorophyll
content was observed in AALK1-overexpression lines than aalk1-RNAi silenced and
control lines under drought stress, revealing that the AALK1 overexpression lines had
higher photosynthetic capacities. Similar results have been observed in overexpression of
TaSnRK2.3 in common wheat (Tian et al., 2013). Drought stress induces a decrease in the
chlorophyll content, which leads to change in the ratio of chlorophyll and carotenoid and
increase in the ratio of violaxanthin-cyle pigment which ultimately effects the reduction
of photosynthetic rate (Kyparissis et al., 1995).
Further, Flavonoids accumulates in plants in response to water limiting conditions
and play a key role in protecting against UV-radiations, pathogens, and abiotic stresses
(Treutter, 2006;Biol et al., 2016). In this study, flavonoids are significantly reduced in
AALK1-overexpression lines than aalk1-RNAi silenced and control lines under drought
stress. These results are similar with a study conducted by Agati et al., (2012) and
Fracasso et al., (2016), they reported that flavonoids genes were upregulated in response
to drought in sensitive genotype whereas downregulated in tolerant genotype. The
biosynthesis of “antioxidants” flavonoids increases more in stress-sensitive species in
than in stress tolerance species (Agati et al., 2012) The main reason behind that is stress
sensitives species display a less efficient “first line” of defense against ROS in condition
of stress and they are therefore exposed to more severe oxidative stress (Tattini et al.,
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2006;Wolf et al., 2010). Likewise flavonoids, anthocyanin is reported to accumulate
under drought, salt and UV-B radiation (Nogués et al., 1998;Chunthaburee et al., 2016).
In this study, anthocyanin is increased in aalk1-RNAi silenced and control lines under
drought stress than AALK1-overexpression lines. Anthocyanin is thought to minimize the
oxidative damage and act as antioxidants by neutralizing ROS directly (Kytridis and
Manetas, 2006;Hughes et al., 2005). Carbon (C), and Nitrogen (N) balance is universal
and critical for metabolism, growth, and development in cellular organisms (Huang et al.,
2016). Nitrogen balance index (NBI) is more often an indicator of C/N allocation changes
due to N-deficiency than a measure of leaf nitrogen content per se (Cartelat et al., 2005).
NBI is the ratio of Chlorophyll content and Flavonoids. In this study, NBI is higher in
AALK-1 overexpression lines as compared to aalk1-RNAi silenced and control lines
under drought stress. The study suggests that the carbon/nitrogen balance may be
involved in the regulation of drought-induced leaf senescence (Chen et al., 2015). Thus,
the physiological response of AALK1 showed that AALK1 modulates the drought stress
response in soybean plants. Since we are interested in the molecular mechanism of stress
response mediated by AALK1 soybean, thus we did transcriptome analysis of aalk1-RNAi
silenced and control lines using RNA seq approach.
RNA seq Approach
This is the first study conducted on transcriptome level of loss of function of
abscisic acid-activated protein kinase-like in soybean. This study provides the first largescale investigation of gene expression changes that occur in aalk1-RNAi silenced plants
as compared to control under drought treatments. The results presented here
demonstrated that unique and differential response of soybean root tissue under drought
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and normal conditions in aalk1-RNAi silenced lines as compared with control lines. In
this RNA seq analysis, the responses differed substantially between the aalk1-RNAi
silenced lines and control lines regarding the number of genes and pathways involved in
drought stress response, but also regarding the constitutive expression level of several
pathways. Several thousands of genes of differentially expressed in soybean plants in
response to water deficit (Song et al., 2016;Chen et al., 2013;Chen et al., 2016;Rodrigues
et al., 2015).
Go functional annotation & differentially expressed genes
In addition to identification, differentially expressed genes were annotated based
on a biological process using GO function enrichment analysis. Although the stress level
applied was equal, the aalk1-RNAi silenced, and control lines responded differently; in
control, a significantly higher number of differentially expressed genes was observed that
in the aalk1-RNAi silenced lines, resulting in a more significant enrichment of GO terms
related to drought stress response in control than aalk1-RNAi silenced lines. Drought
stress caused the massive production of reactive oxygen species (ROS) that cause
oxidative stress (Munne-Bosch et al., 2001). In the “response of carbohydrate metabolic
process” (GO:0005975), “response to oxidative stress” (GO:0006979), “response to
oxidoreductase” (GO:0016491) and “response to stress” (GO:0006950) , genes were
more downregulated in aalk1-RNAi silenced lines as compared to control lines which
indicates that RNAi lines are more susceptible to drought stress than control lines.
Similar results have been reported by Fracasso et al., (2016), showed that drought tolerant
lines have more upregulated of these genes than sensitive lines. Many metabolic
processes were related to carbohydrate metabolism, which could provide most of the
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energy required for these pathways under drought conditions. In our study, many
carbohydrate metabolism higher number of genes were identified in control than aalk1RNAi silenced lines which may lead to drought sensitive of aalk1-RNAi silenced lines.

Hormone interaction involved in the primary root development under drought
stress
In our study mainly auxin (IAA, indole-3-acetic acid), ABA and ethylene were
identified in hormone signaling pathways. The previous study also reported that ABA,
auxin, and ethylene hormones were identified to be involved in drought-responsive
pathways (Le et al., 2012). The expression of genes associated with auxin transporter has
been shown to be regulated by ethylene (Růzicka et al., 2007). However, auxin was found
to affect the synthesis of ethylene (Tsuchisaka and Theologis, 2004). Hence, ethylene
achieves a local activation of the auxin signaling pathways and regulates root growth by
stimulating the auxin biosynthesis as well as by modulating the auxin transport
machinery (Růzicka et al., 2007). In this study, five different auxin transporter genes
(PIN1, PIN2, PIN6, PIN7, AUX1) in control lines whereas only one AUX1 in aalk1RNAi silenced lines which were found to be regulated by water deficit stress. In the plant
kingdom, carotenoid oxygenases genes divided into five clades, CCD1, CCD4, CCD6,
CCD8, and NCED. NCED is the first rate-limiting enzymes in ABA biosynthesis, which
plays a vital role in plant resistance to stress. The previous study reported that ABA
treatment increase the CCD7 and CCD8 transcription in soybean is a key gene for the
strigolactone pathway (Wang et al., 2013). In this study CCD7, CCD8 and NCED4 genes
were identified only in control lines which were downregulated. All of the above results
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give evidence about transcripts associated wit hormones that are associated with drought
stress.
Dehydration-induced Transcription Factors
Transcription factors are important classes of genes that regulate the expression of
downstream drought-responsive genes. A single transcription factor may regulate the
expression of many genes. Transcriptional control is a crucial component of plant
response to many environmental stresses (Singh et al., 2002;Song et al., 2016). In this
study, several families, which include ERF, MYB, bHLH, C2H2, WRKY, NAC were
identified in control, and aalk1-RNAi silenced lines under drought conditions. Among
these identified TFs, MYB, MYC, AP2, and HD-ZIP plays a central role in drought
tolerance (Shin et al., 2011; Sugano et al., 2003; Yu et al., 2008;Liu et al., 1998). Also,
bHLH proteins and bZIP TFs regulate the stress-responsive ABA signaling pathway (Li
et al., 2007;Xiang et al., 2008). Also, ARFs and ERFs are also involved in stress
responses (Seo et al., 2009; Wang et al., 2012). We thus believe that the presence of these
TFs detected through differential gene expression indicates that the various signal
molecules act to impro drought tolerance in soybean. The further molecular study needs
to be done to evaluate the importance of these TFs in drought conditions and to determine
the role of individual genes. Investigating the transcriptional regulatory network of
differentially expressed genes involved in drought stress response as compared to control
would provide more information for further functional analysis.
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Up-regulation of Stress-related genes showed drought stress improvement in
overexpression of AALK1
To understand the comprehensive function of AALK1 under drought stress
conditions, we analyzed expression profiles of 12 drought-inducible genes, and all
showed up-regulation in AALK1-overexpression lines. The ABA-inducible genes RD29
(responsive to desiccation also known as LTI65) and NCED3, a gene that encodes a key
enzyme for ABA synthesis under dehydration stress (Takahashi et al., 2018). These two
genes were upregulated in AALK1-Overexpression lines in our study. Similarly, the
Glyma.08G032800 gene coding for the oxidate stress three protein (OXS3) has been
detected in water deficit stress and also reported the role in protecting the cell against
photooxidation (Rodrigues et al., 2015). The RAB18, also called ABA market showed
the highest expression in dehydration stress (Rodrigues et al., 2015). Multidrug and toxic
compound extrusion (MATE) family proteins have been shown to the response of abiotic
stress especially aluminum toxicity in soybean (Liu et al., 2016) and Arabidopsis (Tiwari
et al., 2015). Likewise homeodomain like superfamily protein also involved in the
regulation of plant development and response to environmental stresses (Huang et al.,
2014). However, these genes are mostly downregulated, or relatively low expression in
aalk1-RNAi silenced lines as well as control lines under drought stress (Fig 2.13). These
results suggest that AALK1 might be a transcriptional activator of these drought stress
associated genes and overexpression or downregulation of AALK1 alters the expression
of these sets of genes.
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CHAPTER III
PROTEIN TYROSINE PHOSPHATASE (LMW-PTP) MODULATES DROUGHT
STRESS RESPONSE IN RICE (ORYZA SATIVA)
Introduction
Environmental stresses such as drought, salt, and cold adversely affect the plant
growth and development which ultimately affects the yield. Among them, drought is the
major threats for the crop plants, and it is known as cancer in mammalian biology (Luo,
2010; Pennisi, 2008). Scientists are continuously putting their efforts to improve the
drought tolerance crop to reduces the effect of water shortage on crop productions.
However, functional studies on currently known genes do not provide a practical solution
to the drought problem (Pennisi, 2008). Drought is a complex trait that involves a
network of many genes, not a single magical drought tolerance gene. Drought resistance
is divided into four components, i.e., drought escape, drought avoidance, drought
tolerance, and drought recovery. If these four components combined and introduced into
the plant as a single trait, then drought resistance could be substantially improved (Luo,
2010; Zhou et al., 2016). However, it is difficult to combine several components into one
trait. The plant has an adaptive mechanism to combat various environmental cues using
various signaling cascades which get activated in the plant cell which leads to altered
cellular and molecular functions and response (Singh et al., 2015). Reversible protein
phosphorylation mediated by phosphatase and kinases is one such adaptive cellular
response which maintains a critical balance in phosphoregulation during normal and
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adverse growth conditions. The post-translational modification has been described so far
as acetylation, thiolation, adenylation, ribosylation and phosphorylation (Wold, 1981).
Among them, protein phosphorylation is one of the most studied post-translational
modification (Olsen et al., 2006). During phosphorylation, a protein kinase adds a
phosphate group on a substrate whereas protein phosphatase reverses this process by
removing the phosphate group.
Protein phosphatase has been categorized into two groups, i.e., serine/threonine
phosphatase and tyrosine phosphatase based on the amino acid they dephosphorylate.
Serine/threonine phosphatase is well characterized and has been shown to play a
prominent role in the different process of plant growth and development (Luan, 2003)
whereas much less is known about the tyrosine phosphatase in plants. The most important
trait of the protein tyrosine phosphatase is conservation of the CX5R (X is any aminoacid) signature motif, which forms the phosphatase binding loop in the active site also
called P-loop or PTP-loop and cysteine is required for catalytic activity (Fauman and
Saper, 1996; Tabernero et al., 2008). On the basis of function, structure, and sequences,
protein tyrosine phosphatase can be divided into four subfamilies: i) Tyrosine specific
phosphatase ii) dual specificity phosphatase iii) cdc25 phosphatase, and iv) Low
molecular weight protein tyrosine phosphatase (LMWPTP) (Fauman and Saper, 1996) .
Based upon their cellular localization, protein tyrosine phosphatase is also classified as
receptor-like and non-receptor like. Receptor-like is transmembrane receptors that
contain protein tyrosine phosphatase domains, and non-receptor are intracellular protein
tyrosine phosphatase. Only a few studies have been made towards the understanding of
the role of protein phosphatase, especially the protein tyrosine phosphatase family in
plants. The first found plant tyrosine-specific PTP, AtPTP1 is encoded by a stress67

responsive gene, that is upregulated by high salt whereas downregulated by cold (Xu et
al., 1998). The study conducted in mitogen-activated protein kinase (MAPK) phosphatase
suggested that MAPK has a role in abiotic stress response in plants. Mutant mkp1 is
tolerant to salt stress as compared to wild-type in Arabidopsis (Ulm et al., 2002). Also,
AtMKP2 has been shown to positively regulates the oxidative stress tolerance (Lee and
Ellis, 2007). The study demonstrated that protein phosphatase18 genes modulate
drought and oxidative stress tolerance in rice (You et al., 2014). Similarly,
overexpression of Protein Phosphatase 1a (OsPP1a) enhanced salt stress tolerance in
rice (Liao et al., 2016). Arabidopsis protein phosphatase has been characterized
intensively by In-silico analysis showed that there are 163 protein phosphatases were
found in rice and 164 in Arabidopsis. Among them, only one gene from rice and
Arabidopsis is classified under LMWPTP group (Yang et al., 2010). In the same year, the
other in-silico study revealed 132-protein phosphatase coding genes in the rice genome,
and they also identified one gene under LMWPTP group in rice and Arabidopsis (Singh
et al., 2010a). Recently, Govarthanan et al., (2015) reported that LMW PTPase, Wzb,
may involve in the arsenic resistance/detoxification mechanism. However, no study has
been conducted in functional characterization of putative protein tyrosine phosphataselike protein (LOC_Os08g44320) also called OsPP104 belongs to LMWPTP group to
date (Singh et al., 2010) .
Therefore, this study is one of the initial reports on detail functional
characterization of a rice putative protein tyrosine phosphatase-like protein
(LOC_Os08g44320) gene in rice. Phenotypic analysis showed that LMWPTP is a
positive regulator of drought stress tolerance in rice. In this study, five putative tyrosine68

phosphorylated proteins were identified by mass spectrometry. Some of these identified
tyrosine phosphorylated proteins are likely to be target proteins of LMWPTP.
Materials and Methods
Plant Materials
Seeds of rice (Oryza sativa cv. Nipponbare) were germinated in hydroponics
system in the 1/4th strength of Hoagland solution two times a week in the glasshouse,
which was maintained at 25-28°C temperature with 70% relative humidity. Two-weekold rice seedlings were used to analyze the stress response. For the dehydration seedlings
were kept in a growth chamber for given time. The seedlings were transferred from basal
nutrient solution to nutrition solution containing 250mM sodium chloride for salt stress.
For the cold stress treatment, seedlings were transferred to and kept at 4°C for the
indicated times as described by Nakashima et al., (2007).
RT-PCR analysis of endogenous LMWPTP gene expression and amplification of
cDNA
Total RNAs were extracted from leaves or roots of soybean plants using RNeasy
Mini Kit (Qiagen) following the manufacturer's procedure. RNA samples were digested
with RNase-free DNase I (Qiagen) to remove genomic DNA contamination. RNA
concentrations were determined using NanoDrop 2000C (Thermo Scientific, Wilmington,
DE, USA). A260/280 values of all RNA samples used in this study ranged from 1.8 to
2.2, and A260/230 ratios of all samples were above 2.0. The RNA quality was also
monitored on 1.2% agarose gel electrophoresis. cDNA (Complementary DNA) were
synthesized from the total RNA samples using the SuperScript First-Strand Synthesis
System (Invitrogen, Carlsbad, CA) with an Oligo-dT primer. The PCR was
programmed at an initial denaturation of 98 ºC for 30 sec, followed by 35 cycles of
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98 ºC for 10 sec, 69 ºC for 30 sec, 72 ºC for 30 sec and a final extension at 72 ºC for 2
min. The PCR products were electrophoresed in 1.0 percent agarose gel (Invitrogen) at 80
V for 1 h, visualized under UV light and photographed using photo gel documentation
system.
Preparation of constructs for overexpression and silencing of LMWPTP gene
For the preparation of LMWPTP overexpression (OXP) construct, the full-length
825bp CDS of OsPP104 was cloned (as KpnI-BamHI fragment) from Oryza sativa under
the maize ubiquitin promoter and NOS terminator, yielding PU1301-LMWPTP-OXP. On
the other hand, for the RNAi-mediated gene silencing (RNAi) construct of LMWPTP,
were prepared using by cloning 339 bp fragments into the into the pENTR/D-TOPO
cloning vector (Invitrogen). After that, LR clonase reaction was performed to transfer
cloned pENTR/D-TOPO into the pANDA destination vector. The PCR-derived 339 bp
(5’ coding region and 3’UTR region) fragment were inserted into two regions flanked by
two recombination sites (attB1 and attB2) in opposite directions, and the gus linker was
driven by maize ubiquitin promoter with the first intron and splicing acceptor site and nos
terminator gene. The detailed construction of pANDA binary vector was described by
Miki and Shimamoto (2004). Hygromycin and Kanamycin were two selection marker
genes in pANDA vector. The binary vector was maintained in E. coli strain DH5α. The
list of primers used for preparing genetic constructs is given in supplemental Table B1.
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Rice callus transformation, selection, and regeneration
Mature seeds of rice cultivar, i.e., Nipponbare (japonica) were used in this
study. In vitro callus cultures were established from de-husked seeds essentially
according to Sah and Kaur(Sah and Kaur 2013). The scutellar derived embryogenic calli
(four weeks old) were primed on osmoticum medium in the dark for 2 days 25 +2 ºC and
Agrobacterium-mediated genetic transformation was performed according to the
protocol(Hiei and Komari, 2008) with slight modification, followed by selection of the
hygromycin resistant calli according to Tang et al., (2001). After two cycles of selection
(15 days each) in the dark, the hygromycin resistant calli were transferred to shoot
regeneration medium (Sah and Kaur 2013) supplemented with hygromycin B (30 mg-1)
[PlantMedia, USA]. The calli were incubated at 16 h photoperiod (60 μmol m−2 s−1
intensity) of white light fluorescent tubes and 25 ±2°C for regeneration. Five weeks later,
the regenerated shoots were transferred to root induction medium (half-strength MS).
After two weeks, the plantlets (T0) with profuse root induction were transferred to soil
and maintained in the transgenic glasshouse.
Polymerase chain reaction (PCR) analysis of T0 plants
Genomic DNA was extracted from tender young leaves of four-month-old R0
plants (that survived hygromycin selection) and non-transgenic (NT) rice plants (control)
grown in transgenic glasshouse according to CTAB (hexadecyltrimethylammonium
bromide) method given by Jankiewicz et al., (1999). The extracted genomic DNA was
used as a template for PCR analysis to detect the presence of the LMWPTP transgene.
The transgene-specific PCR primers designated as PTP1 and PTP2 (Supplementary
Table S1) were designed to amplify an expected 825 bp product for overexpression line
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and . The PCR ( S a i ki e t a l . , 1 9 88 ) was performed in 20 µl reaction mixture
containing ~ 5 0 ng genomic DNA, 10 µM of each primer, 1 mM dNTPs , 10X reaction
buffer , 5 units/μl Taq DNA polymerase (GenScript, NJ, USA) and nuclease-free water in
a Thermal cycler (3 Prime). The PCR was programmed at an initial denaturation of
95 ºC for 5 min, followed by 35 cycles of 95 ºC for 1 min, 59 ºC for 45 sec, 72 ºC for 1
min and a final extension at 72 ºC for 7 min. The PCR products were electrophoresed in
1.0 percent agarose gel (Invitrogen) at 80 V for 1 h, visualized under UV light and
photographed using photo gel documentation system.
RNA isolation, first strand cDNA synthesis, and real-time PCR analysis
Total RNAs were extracted from leaves or roots of soybean plants using RNeasy
Mini Kit (Qiagen) following the manufacturer's procedure. RNA samples were digested
with RNase-free DNase I (Qiagen) to remove genomic DNA contamination. RNA
concentrations were determined using NanoDrop 2000C (Thermo Scientific, Wilmington,
DE, USA). A260/280 values of all RNA samples used in this study ranged from 1.8 to
2.2, and A260/230 ratios of all samples were above 2.0. The RNA quality was also
monitored on 1.2% agarose gel electrophoresis. cDNA (Complementary DNA) were
synthesized from the total RNA samples using the SuperScript First-Strand Synthesis
System (Invitrogen, Carlsbad, CA) with an OligodT primer. Quantitative Real-Time PCR
analysis was performed using BioRad CFX96 thermocycler for the confirmation of
silenced and overexpression and RNAi genes in transgenic plants. The actin gene
primers were used as endogenous control. The relative expression levels will be
determined as described previously (Livak and Schmittgen, 2001). The primers names
and sequences were listed in Supplemental Table A1.
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Detection of tyrosine-phosphorylated proteins by immunoblot analysis
Protein extraction for SDS-PAGE
100 mg of leaf samples were ground in liquid nitrogen in a mortar. The fine
powder obtained was suspended in approximately 400 mL extraction buffer (150 mM
NaCl, 10 mM sodium pyrophosphate tetrabasic decahydrate, 50 mM Tris-HCl pH7.6, 10
mM sodium fluoride, 1mM Sodium Orthovanadate, 2mM Phenylmethylsulfonyl fluoride,
1% Triton X-100 and, also add protease inhibitor cocktail). The homogenate was
incubated on ice for 20 minutes then centrifuged at 13,000 RPM for 25 min at 4°C as
described by Sawadiskosol with slight modification (Sawasdikosol, 2010). After the
centrifugation, the supernatant was collected and quantified using the modified Bradford
Assay (Bradford, 1976). After quantification of the proteins, the equal amounts of
proteins were taken from each sample and mix with SDS buffer (Tris-HCl 150mM, 6%
SDS, 30% Glycerol, 0.05% Bromophenol blue and 15% β-Mercaptoethanol) and then
heat samples at 95°C to 100 °C for 5 min prior to lading on the gel.
Protein sample preparation for 2D-GE
Samples were ground to a fine powder in liquid nitrogen, and total proteins were
extracted from rice leaves using the method of Wang et al. (Wang et al., 2006) with slight
modification. First of all, the 0.3-0.4g fine powder was transferred into a 2ml Eppendorf
tube and filled with chilled 10% trichloroacetic acid (TCA)/acetone (Sigma-Aldrich,
≥99.0%). The mixture was vortexed and then centrifugated at 4 °C for 3 min at 16,000 x
g. Discarded the supernatant without touching the pellet by glass pipette. The pellet was
washed by adding 80% methanol plus 0.1 M ammonium acetate (Sigma, approx. 98%)
and further washed with 80% acetone at 4 °C for 3 min at 16,000 x g to remove residual
TCA and contaminants. The pellet was air-dried in the hood for at least 10 minutes to
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remove residual acetone. The pellet was suspended in 1:1 ratio of phenol (pH 8.0) and
sodium dodecyl sulfate (SDS) buffer [30% sucrose, 2% SDS (Bio-Rad, 1610302), 0.1 M
Tris-HCl, 10 mM sodium pyrophosphatase, 10 mM sodium fluoride, 1mM sodium
orthovanadate, 2mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail]
supplemented with 5% 2-mercaptoethanol(Sigma) and vortex for 30 Sec and incubated at
room temperature for 5-10 minutes. The mixture was centrifuged at 16,000 x g for 3
minutes at room temperature. The upper phenol phase (about 300 µl) was transferred into
a new 2-ml Eppendorf tube and filled with 5 volumes of cold methanol plus 0.1 M
ammonium acetate and incubated at -20 °C for about 2 hours. After incubation,
centrifuged at 16,000 x g for 5 min at 4 °C and discard the supernatant without disturbing
the pellet. The tube containing pellet was filled with methanol plus 0.1 M ammonium
acetate and centrifuge at 16,000 xg for 5 min at 4°C. Discarded the supernatant without
disturbing the pellet. Finally, the pellet was washed with 80% acetone by centrifugation
at 16,000 xg for 5 min. Discarded the supernatant and pellet was air-dried to remove any
remaining acetone and stored the dried pellet (proteins) in the tube at -80 °C for further
use.
Protein solubilization and quantification
The protein pellet was resuspended in an appropriate volume (about 150 µl) of
rehydration buffer [9% urea, 4% 3-[(3-cholamidopropyl)dimethylammonium]-1propanesulfonate (CHAPS) (GoldBio, 75621033), 50 mM Dithiothreitol (DTT; GoldBio,
27565419) supplemented with BioLyte 3/10 Ampholyte (Bio-Rad, 1632094). After
gentle mixing, the mixture was incubated for 15 min- 1 hour with agitation. Centrifuge
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the protein samples at 16,000 mg at room temperature for 3 min. The protein
quantification was done using the modified Bradford assay (Bradford, 1976).
Two-dimensional gel (2-DE) electrophoresis
The 2-DE was performed using the precast immobilized pH gradient (IPG) strips
(Bio-Rad,) in the first dimension by using isoelectric focusing (IEF) system (PROTEAN
IEF Cell, Bio-Rad Laboratories) according to manufacturer’s instructions. Rice leaf
proteins (500µg) in rehydration buffer (9 M urea, 4% CHAPS, 50 mM dithiothreitol,
0.1% Bio-Lyte Ampholyte) was added to individual channels of an IPG focusing tray
(Bio-Rad Laboratories). The Bio-Rad IPG strips (pH 3-10 nonlinear, 11 cm) were then
placed over the protein solutions in channels of the IPG focusing tray. The protein
samples were rehydrated in the IPG focusing tray at 50 Volt for 1 hour. After
rehydration, the samples were run at 250 Volt for 15 minutes, then ramped to 8,000 Volt
over a period of 2.5 hours, and then kept at 8,000 Volt for 13 to 15 hours. After
isoelectric focusing, the IPG strips were equilibrated in equilibration buffer I (6M urea,
0.375M Tris-HCl, pH 8.8, 2%SDS, 20% glycerol and 100 mM dithiothreitol) for 10 min
at room temperature and then discard the equilibration buffer I and placed in equilibration
buffer II (100mg Iodoacetamide,6M urea, 0.375M Tris-HCl, pH 8.8, 2%SDS, 20%
glycerol, 0.01% bromophenol blue) for 10 min. After incubation, the strips were directly
placed on to 12% polyacrylamide-SDS slab gels for second-dimension separation.
Second-dimension gels were run at 30mA per gel using an electrophoresis chamber
(company name). Gels then proceeded for immunoblotting.
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Immunoblot Analysis of tyrosine phosphorylated proteins
After the two-dimensional gel electrophoresis gels were washed with 1x-Trisglycine buffer (25mM Tris, 192 mM glycine, 20% methanol) and then gels were
transferred to PVDF membrane (Immobilon® Transfer membrane ( 0.45μm), Millipore
Corporation, Billerica MA, USA) using an electrophoretic blotting system (C.B.S.
Scientific) at 30 V overnight in a cold room. The membrane was blocked for 2 h at room
temperature with 2.5% (w/v) bovine serum albumin (Sigma) in TBST (20mM Tris-HCl,
150 mM NaCl, pH 7.5) buffer. Then the membrane was incubated with mouse
monoclonal antibody PY99 (Sc-7020, Santa Cruz Biotechnology) at 1:400 dilution in
blocking buffer overnight at the cold room. After 4 times washing with TBST, the
membranes were then incubated with secondary antibody conjugated to horseradish
peroxidase (m-IgGk BP-HRP sc-516102, HRP conjugated, Santa Cruz Biotechnology) at
1:1000 dilution for 1 h at room temperature. Then washed the membrane with TBST
buffer 3 times for 10 minutes on an orbital shaker. After that, blots were incubated with
Chemiluminescent-HRP substrate (Thermofisher) for 5 min according to the
manufacturer's instructions. Then acquire the image of the bot with ChemiDOC™ Touch
Imaging System (Bio-Rad Laboratories, USA)
Image Analysis
After stained, the 2-DE images obtained with a ChemiDoc touch imaging system
(Bio-Rad Laboratories) and protein spots were detected and analyzed with Image Lab 6.0
(Bio-Rad Laboratories).
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In-gel Protein Digestion
Protein spots on stained 2-DE gels were cut into approximately 1mm3 pieces. Gel
pieces were then subjected to a modified in-gel trypsin digestion procedure (Shevchenko
et al., 1996). The samples were reduced by using DTT (1 mM concentration in 50mM
ammonium bicarbonate) for 30 minutes at 60°C. The samples were then cooled to room
temperature, and iodoacetamide (5mM) is added for 15 minutes in the dark at room
temperature. DTT (5mM) was then added to quench the reaction. Then sequence grade
trypsin (Promega, Madison, WI) 5 ng/µl was added. After 45 min., the excess trypsin
solution was removed and replaced with 50 mM ammonium bicarbonate solution just to
cover the gel pieces. The digestion performed overnight at 37°C. Peptides were later
extracted by removing the ammonium bicarbonate solution, followed by one wash with a
solution containing 50% acetonitrile and 1% formic acid. The extracts were then dried in
a speed-vac (~1 hr). The samples were then stored at 4ºC until analysis. On the day of
analysis, the samples were reconstituted in 5 - 10 µl of HPLC solvent A (2.5%
acetonitrile, 0.1% formic acid).

Mass Spectrometry analysis and database search
The peptide samples are loaded on a nanoscale capillary reverse phase C18
column (75 µm x 10 cm, 1.9 Å ReproSil-Pur C18 AQ beads) by an HPLC system
(Thermo EasynLC 1000) and eluted by a gradient (~90 min). The eluted peptides are
ionized by electrospray ionization and detected by a mass spectrometer (Thermo Elite).
The MS spectra are collected first, and the 20 most abundant ions are sequentially
isolated for MS/MS analysis. This process is cycled over the entire liquid
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chromatography gradient. Database searches are performed either using Sequest search
engine in our in-house SPIDERS software package or PEAKS or rice database
(UP000059680_39947). All matched MS/MS spectra were filtered by mass accuracy and
matching scores to reduce protein false discovery rate to ~1% (Pagala et al., 2015).

Results and Discussion
Generation of transgenic rice lines of protein tyrosine phosphatase-like protein
(LMWPTP) overexpression and endogenous silencing
To investigate the gain-of-function and loss-of-function phenotypes of LMWPTP
gene in rice through transgenesis, gene overexpression (OXP) and RNAi-mediated gene
silencing (RNAi) constructs were prepared using maize ubiquitin promoter in the pU1301
binary plasmid for OXP and pANDA vector for RNAi lines. Both constructs were then
separately incorporated into rice cultivar Nipponbare by Agrobacterium-mediated
transformation. The putative OXP and RNAi transformants were subjected to
hygromycin selection during in vitro culture. The hygromycin selected transformants
were verified by PCR to detect transgene integration in T0 plants (Fig 3.1a and 3.1b). The
OXP lines of LMWPTP were designated as OXP# 1, 2,3,4,5 etc., and RNAi lines were
denoted as RNAi #1,2,3. The qPCR analysis in T3 transgenic lines showed the relative
expression level of LMWPTP transcript increased in OXP lines but decreased in RNAi
lines as compared to control plants (Fig 3.2)
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OXP-2 OXP-3
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A
Figure 3.1
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RNAi-1 RNAi-2 RNAi-3

B

Confirmation of transgene through PCR using hygromycin resistance gene
(hpt) gene primer. a) Overexpression (LMWPTP-OXP) lines; the first lane
refers 100bp plus DNA ladder (Thermo scientific Cat No. #SM0321); NT:
non-transgenic control; OXP1-5: Overexpression transgenic lines. b)
LMWPTP-RNAi transgenic line; First lane refers 100bp plus DNA ladder
(Thermo scientific Cat No. #SM0321); NT: non-transgenic control; RNAi
1-3: RNAi lines

B) LMWPTP RNAi Lines

A) LMWPTP OXP Lines

Figure 3.2

OXP-5

Expression analysis of LMWPTP gene in rice leaves samples a) OXP line
b) RNAi lines in transgenic rice were detected by quantitative real-time
(qRT)-PCR. Error bars represent the mean ± S.E of triplicate samples
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Transgenic rice plants over-expressing protein tyrosine phosphatase-like protein
(LMWPTP) show improved stress tolerance
In this study, T3 overexpression and RNAi transgenic lines were used to analyze
the function of LMWPTPT gene. For dehydration stress tolerance of the LMWPTP-OXP
and LMWPTP-RNAi rice plants were compared with control plants. The OXP, RNAi
lines and control plants were grown hydroponically for 15 days. Then plants were kept
under the growth chamber for 12hours, and then plants were allowed to recover in
Hoagland solution for an additional 12 days (Fig 3.3). The survival rates of OXP lines
varies from 56% to 73% whereas only 30% of control plants survived. However, the
survival rate of RNAi lines varies from 16% to 20% (Table 3.1).
The hydroponically grown 15 days old plants were subjected to high salt stress,
for this OXP, RNAi and control plants were transferred into 250mM sodium chloride
solutions for 3 days. After salt stress treatment, plants were allowed to recover in nutrient
solution for 9-12 days. None of the plants were survived after recovery of salt stress.
The hydroponically grown 15 days old plants were subjected to cold stress, for this OXP,
RNAi and control plants were kept at 4°C for 96 hours and then transferred to 28°C for
12 days. After 12 days there was no difference found in OXP, RNAi and control lines
indicated LMWPTP does not modulate salt and cold stress.
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Table 3.1

Control
OXP-2
OXP-3
OXP-4
RNAi-1
RNAi-2

Figure 3.3

Survival rates of overexpression and RNAi lines when subjected to
dehydration stress

Survival rate
30% (12/40)
65% (17/26)
56% (13/23)
73 % (17/23)
20 % (5/25)
16 % (4/24)

Replication 1
4/10
5/8
4/9
6/8
2/10
1/9

Replication 2
3/15
6/10
5/8
7/9
1/5
2/10

Replication 3
5/15
6/9
4/6
4/6
2/10
1/5

Dehydration stress response of the transgenic rice plants overexpressing LMWPTP, RNAi
silencing of LMWPTP and control plants. a) representative samples without dehydration
stress. b) OXP-3 lines after recovery of dehydration stress. c) RNAi lines after recovery of
dehydration stress. d) Control samples after recovery of dehydration stress. Plants on the
left of the bar survived plants, whereas those on the right were not survived.
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To examine the drought stress tolerance capacity of LMWPTP OXP and RNAi
lines at the vegetative and maturation stage, For the drought stress, the four-leaf stages
plants were subjected to drought treatment by withholding water supply until the visible
effect of dehydration stress was not noticed in RNAi lines and control plants. Under
drought stress conditions, the RNAi and control lines showed earlier, and more severe
wilting symptoms compared to OXP lines. After recovery by re-watering, 60-70% of the
OXP lines were recovered, whereas only 25% (control) and 20% (RNAi) lines were
recovered (Fig. 3.4a). After that, drought stress was imposed on one-month-old plants
(vegetative stage) and similar results were found like four-leaf stages. In this stage also
OXP lines showed more drought tolerant than RNAi and control lines (Fig. 3.4b).
Drought stress was imposed by stopping water supply for 7 days. Further, drought stress
was performed on the maturation stage, in this drought treatment, drought stress was
imposed by stopping water supply for 10 days and then re-water to recover the drought
stress. The results showed that OXP lines were recovered, but RNAi and control lines
were not recovered (Fig 3.4c). The observed increase and decrease in the drought
tolerance ability of OXP and RNAi lines, respectively, clearly indicated that the
LMWPTP plays an active role in drought tolerance in rice.
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Figure 3.4

Drought stress response of OXP, RNAi and control lines. a) four-leaf stage
b) one-month-old plants (vegetative stage) c) Maturation stage.

Analysis of tyrosine phosphorylation in OXP, RNAi and Control lines in 1D gel
electrophoresis

To examine the extent of tyrosine phosphorylation in LMWPTP overexpressing , RNAi
and control lines, two commercially available antibodies were tested. Primary antibody pTYR (PY99) (sc-7200, Lot #A0218, Santa Cruz Biotechnology) mouse monoclonal
antibody IgG2b and a secondary antibody conjugated to horseradish peroxidase (HRP):
m-IgGK BP (sc-516102, Lot #E2318, Santa Cruz Biotechnology) showed better
sensitivity between two different antibodies. Also, the lowest non-specific background
was reproducibly obtained by using this antibody. Thus, in this study, this antibody and a
highly sensitive method of enhanced chemiluminescent detection (ECL) were used to
identify the tyrosine phosphorylated protein in OXP, RNAi and control lines. SDS-PAGE
analysis of protein extracts from OXP, RNAi and control lines subjected to immunoblot
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analysis. Immunoblot analysis of the OXP, RNAi and control lines protein samples with
antibody p-TYR (PY99) revealed an intense immunoreactivity and differential pattern of
immunoreactivity bands (Approximately 30 kDa) among OXP, RNAi and control lines
(Fig 3.5A). OXP lines have less immunoreactivity than control and RNAi lines. The
pattern of tyrosine phosphorylation was reproducible under the same experimental
conditions. To assess the specificity of the immunoreactivity signals, antibody p-TYR
(PY99) was pre-incubated with 2 mM O-Phospho-L-tyrosine before immunoblotting.
Pre-incubation of antibody PY99 with O-Phospho-L-tyrosine completely abolished the
immunoreactivity signal, confirming specific recognition of tyrosine phosphorylated
proteins using p-TYR (PY99) antibody (Fig 3.5B).
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Figure 3.5

SDS-PAGE and Immunoblot analysis of protein extracts from rice leaves
of OXP, RNAi and control lines. An equal amount of protein (100µg) from
prepared extracts was separated by 12% SDS-PAGE. A) Immunoblot
analysis of protein extracts from rice leaves of 1) Control 2) OXP 3) RNAi
lines. B) Immunoblot analysis of protein extracts from rice leaves of
control lines with anti-phosphotyrosine antibody p-Tyr (PY99) preincubated with (lane 2) or without (lane 1) 2 mM O-Phospho-L-tyrosine.
C) Separated proteins were visualized by colloidal Coomassie R-250
staining, Lanes M-Pre-stained protein molecular weight marker (#26612,
Thermo Scientific) 1) Control 2) OXP and 3) RNAi lines.
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Detection of putative tyrosine phosphorylated protein in rice leaves of OXP, RNAi
and Control plants in 2D-GE
Leaf proteins of OXP, RNAi, and Control plants were separated by twodimensional gel electrophoresis to identify phosphotyrosine proteins in rice. After SDSPAGE separation, gels were transferred to membranes and probed with an antiphosphotyrosine antibody. Five (pTY1-5)putative tyrosine phosphorylated protein
showed distinct changes among OXP, RNAi and Control plants (Fig 3.6)

Figure 3.6

Putative phosphotyrosine proteins patterns of a) control b) OXP and c)
RNAi lines from four weeks old plants. Crude proteins (500µg) extracted
from leaves (OXP, RNAi and control) were separated by two-dimensional
gel electrophoresis. Proteins were then transferred from gels to membranes
and probed with the PY99 antibody. Putative tyrosine-phosphorylated
proteins showing distinct differences among a) control b) OXP and c)
RNAi lines. Protein unchanged were marked with stars (*) serve as a
reference.
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Identification of phosphotyrosine phosphorylated protein by mass spectrometry
To identify phosphotyrosine proteins, spots pTY1 to pTY5 were digested with
trypsin and analyzed by mass spectrometry. pTY1 to 5 were identified respectively as
malate dehydrogenase, alanine aminotransferase, fructose-bisphosphate aldolase, putative
oxidoreductase and histone H2B (Table 3.2). Some of these identified tyrosine
phosphorylated proteins are likely to be target proteins of LMW-PTP.
Table 3.2

Putative tyrosine-phosphorylated proteins identified by mass spectrometry

Protein
spot

Protein
accession #

Protein Name

Theoretical
pI/MW

pTY1

Q7XDC8

Malate dehydrogenase

5.7/35568

Phosphotyrosine peptide detected
/Reported tyrosine phosphorylated
protein
Rush et al. 2005

pTY2

Q69UU3

Alanine aminotransferase

8.0/53655

FNDTFMDQYDGpYSR484

pTY3
pTY4

Q69V57
Q2QMC5

Fructose-bisphosphate aldolase
Putative oxidoreductase

7.6/37754
9.1/29865

Ghelis et al. 2008

pTY5

Q9LGI2

Histone H2B

10.0/16548

Sakai et al., 1991

Discussion
Protein tyrosine phosphorylation plays a significant role in many signaling
pathways. Tyrosine phosphorylated proteins have been detected in higher plants and
evidence for regulation by Tyrosine phosphorylation in plant physiological processes is
beginning to emerge (Shankar et al., 2015). The growth and development of the plant are
adversely affected by abiotic stresses such as dehydration , low temperature, salinity,
heat, and salinity. Protein phosphorylation and dephosphorylation, catalyzed by protein
kinases and protein phosphatase plays a vital role in the coordination of various signal
transduction pathways(Hunter, 2009). One of the significant and immediate responses
under particular conditions is gene expression that might be linked to the regulation of
that particular response. A single gene in rice and Arabidopsis in LMWPTP gene family
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(Singh et al. 2010). This LMWPTP might be involved in abiotic stress response in rice. In
this study, LMWPTP showed enhanced the drought tolerance in rice. Overexpression
lines of LMWPTP performance better than RNAi and control plants under dehydration
stress. After recovery, the survival rates of Overexpression lines is significantly higher
than the control and RNAi lines. To check the drought stress tolerance in rice, the stress
response was studied in 3 different stages, the seedling stage, vegetative stage, and
maturation stage. The result showed that overexpression lines of LMWPTP showed better
performance than RNAi and control lines, indicating that LMWPTP is a significant
player in drought stress which acts as a positive regulator of drought stress tolerance in
rice. In Arabidopsis, the expression of AtPTP1, a protein tyrosine phosphatase was found
to be manifold increased under salt stress whereas decreased under cold stress(Xu et al.
1998). MAPK phosphatase 1 (MKP1) overexpression line is tolerant to salt stress, and
also mutant lines showed hypersensitivity to salt stress (Ulm et al., 2002). Also, AtMKP1
is essential for UV resistance in Arabidopsis and showed that MKP1 is a key regulator of
MAP kinases, MPK2, and MPK6 in response to UV stress (Ulm et al., 2002, 2001).
Furthermore, MKP2 dephosphorylated AtMPK3 and AtMPK6, and both of these proteins
are the regulator of oxidative stress signaling pathways and silencing of MKP2 exhibit
enhanced sensitivity to ozone stress in plants.
Phosphorylation is regarded as one of the most significant post-translation
modification (Lemeer and Heck, 2009). Also, phosphorylation regulates protein function
and cell signaling by triggering a change in the three-dimensional structure of the protein,
which leads to influences the protein into behaving differently by activating or
deactivating its catalytic functions (Al-Momani et al., 2018). For understanding of
molecular biology of plants, phosphorylation events are very important because it
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controls essential biological processes including seed germination, stomatal movement,
pistil development and pollination, the immune response, defense and stress tolerance
(Dong et al., 2015; Li et al., 2014; Silva-Sanchez et al., 2015; Singh et al., 2015; Zhang et
al., 2014). Identifying the phosphorylation site is important because it is needed to design
an experiment to mimic phosphorylation in functional studies (Baginsky, 2016).
Recently, 2580 phosphorylation sites in rice were identified, among them 86.7% of Ser,
2.8% of Thr and only 0.5% Tyr (Al-Momani et al., 2018). Tyrosine phosphorylation in
plants was first described in pea plants (Torruella et al., 1986). The most critical function
of tyrosine phosphotyrosine is to serve as docking site that promotes a specific interaction
between another protein and tyrosine phosphorylated protein that contains a
phosphotyrosine binding domain, i.e., SH2 or PTP domain (Hunter, 2014).
Thus, in this study, 5 putative tyrosine phosphorylated proteins were detected by
immunoblotting and identified using mass spectrometry. Malate dehydrogenase (EC
1.1.1.37) catalyzes the NAD/NADH-dependent interconversion of the substrates malate
and oxaloacetate. This reaction plays an important role in malate/aspartate shuttle across
the mitochondrial membrane, and in the tricarboxylic acid cycle within the mitochondrial
matrix (Musrati et al., 1998). Malate dehydrogenase is a crucial component in glycogen
metabolism. The phosphorylation of malate dehydrogenase by GA3 treatment in rice leaf
sheath indicate that these are involved in GA signal transduction pathways.
Another identified phospho-tyrosine proteins, alanine aminotransferase, is a
pyridoxal enzyme that catalyzes the reversible transamination between L-alanine and αketoglutarate to form pyruvate and L-glutamate. It provides the molecular link betweencarbohydrate and amino acid metabolism. Metabolic enzyme fructose-1,6-bisphosphate
aldolase acts as a transcriptional regulator in pathogenic Francisella (Ziveri et al., 2017).
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Another identified putative oxidoreductase belongs glucose/ribitol dehydrogenase family
protein. Glucose and ribitol dehydrogenase homolog (Os05g014800) acts as a short
alcohol-polyol-sugar dehydrogenase possibly related to carbohydrate metabolism and the
acquisition of desiccation tolerance. It may also involve in signal transduction and
belongs to the short-chain dehydrogenase/reductases (SDR) family
(http://ricefrend.dna.affrc.go.jp/HyperTree/mr-cc-list.php?id=9570;
https://www.uniprot.org/uniprot/Q75KH3).
Another identified tyrosine phosphorylated proteins Histone H2B is a core
component of nucleosome. The molecular function of this proteins is DNA binding and
protein heterodimerization activity. It can be acetylated to form H2BK6ac and
H2BK33ac. It may give a specific tag for epigenetic transcriptional activation
(https://www.uniprot.org/uniprot/Q9LGI2).
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CHAPTER IV
CONCLUSION
Phosphorylation is known as one of the most crucial post-translational
modifications and plays a significant role in a cellular regulating process (Lemeer and
Heck, 2009). Phosphorylation events are significant to understand the functional biology
of plants because phosphorylation controls essential biological processes such as seed
germination, stomatal movement, pistil development and pollination, stress tolerance and
the innate immune response (Al-momani et al., 2018). ABA is one of the most important
phytohormones which acts as the signaling mediator in different environmental stress for
the adaptive response of the plants (Sah et al., 2016). In ABA signal transduction, protein
phosphorylation and dephosphorylation are essential mechanisms (Furihata et al., 2006).
There are two major mechanisms by which phosphorylation controls protein function are
by modulating protein-protein interaction and by changing the protein confirmation. This
can be done through the covalent attachment of phosphate groups to serine, threonine and
tyrosine residues by protein kinases and their removal by protein phosphatase (Humphrey
et al., 2015). Thus, protein kinases and phosphatases are very important for signal
transduction pathways. Stress signals are recognized and transmitted to different cellular
compartments via specific signaling pathways in which protein kinases and phosphatase
are crucial elements (Kulik et al., 2011).
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In Arabidopsis and rice plant SnRK2s have been identified and well studied but in
soybean little is known. Thus in this study, the physiological and molecular function of
AALK1 have been characterized, a group-III gene of soybean through developing gain-offunction and loss-of-function mutants by transgenesis. The study has demonstrated the
usefulness of differentially expressed genes approach for identification of differentially
expressed genes in between control, and aalk1-RNAi silenced lines under drought
treatment and nontreatment conditions. Based on this 12 candidate drought responsive
differentially expressed genes were selected for further study in AALK1 overexpression
lines. The AALK1 transcript has been observed to be upregulated by drought stress.
Constitutive overexpression of AALK1 gene from soybean and RNAi mediated silencing
of endogenous aalk1 in soybean revealed that the AALK1 positively regulates the drought
stress tolerance. The AALK1 overexpression lines enhanced the transcription of other
ABA-responsive genes, indicating that the AALK1, is a positive regulator of ABAmediated stress signaling pathways in soybean. The phylogenetic analysis and domain
analysis also supports that AALK1 is Abscisic acid-activated protein kinase and has a role
in drought response. Together, the present findings strengthen our knowledge about the
functional role of AALK1 as transactivating kinase and probable transcriptional activator,
which can be utilized as a promising gene-based molecular marker in transgenic breeding
for generating crop plants with improved drought tolerance which ultimately improve the
grain yields.
Like kinases, phosphatase is also very important for signal transduction. Protein
phosphatase has been categorized into two groups, i.e., serine/threonine phosphatase and
tyrosine phosphatase based on the amino acid they dephosphorylate. Serine/threonine
phosphatase is well characterized and has been shown to play a prominent role in the
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different process of plant growth and development (Luan, 2003) whereas much less is
known about the tyrosine phosphatase in plants. On the basis of function, structure, and
sequences, protein tyrosine phosphatase can be divided into four subfamilies: i) Tyrosine
specific phosphatase ii) dual specificity phosphatase iii) cdc25 phosphatases, and iv)
Low molecular weight protein tyrosine phosphatases (LMW-PTP) (Fauman and Saper,
1996). Few studies have been conducted on tyrosine-specific phosphatase. However, no
study has been conducted in functional characterization of putative protein tyrosine
phosphatase-like protein (LOC_Os08g44320) also called OsPP104 belongs to LMWPTP
group to date (Singh et al., 2010) . Therefore, this study is one of the initial reports on
detail functional characterization of a rice putative protein tyrosine phosphatase-like
protein (LOC_Os08g44320) gene in rice. Phenotypic analysis showed that LMWPTP is a
positive regulator of drought stress tolerance in rice. In this study, T3 transgenic lines
were tested against the drought on three different stages, and all the stages have been
shown that LMWPTP is modulating the drought stress tolerance. Further, in this study,
five putative tyrosine-phosphorylated proteins such as malate dehydrogenase, alanine
aminotransferase, fructose-bisphosphate aldolase, putative oxidoreductase, and Histone
H2B were identified by mass spectrometry. Some of these identified tyrosine
phosphorylated proteins are likely to be target proteins of LMWPTP. Thus, knowledge
gained from this project will contribute to improving drought tolerance in other crops like
corn and cotton.
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APPENDIX A
ABSCISIC ACID ACTIVATED PROTEIN KINASE-LIKE KINASE 1(AALK1)
MODULATES DROUGHT STRESS RESPONSE IN SOYBEAN (GLYCINE MAX)
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Table A.1

S.No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

The accession numbers of SnRK2s from Arabidopsis, rice, soybean and
fava bean.
Taxa name
Arabidopsis thaliana

Glycine max

Locus ID/ Accession number
AT1G10940
AT1G60940
AT1G78290
AT2G23030
AT3G50500
AT4G33950
AT4G40010
AT5G08590
AT5G63650
AT5G66880
Glyma.01G183500
Glyma.01G204200
Glyma.02G135500
Glyma.02G208500
Glyma.04G205400
Glyma.05G066700
Glyma.05G081900
Glyma.05G176100
Glyma.05G197700
Glyma.06G160100
Glyma.07G178600
Glyma.07G209400
Glyma.08G005100
Glyma.08G133600
Glyma.08G188300
Glyma.11G038800
Glyma.11G058800
Glyma.12G169800
Glyma.14G176700
Glyma.17G148800
Glyma.17G178800
Glyma.20G009600
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Gene name
AtSnRK2.4
AtSnRK2.10
AtSnRK2.8
AtSnRK2.9
AtSnRK2.2
AtSnRK2.6
AtSnRK2.7
AtSnRK2.1
AtSnRK2.5
AtSnRK2.3
SPK1

SPK4

SPK3
SPK2
GmAAPK

AALK1

Table A1. (continued)
33
34
35
36
37
38
39
40
41
42
43

Oryza sativa

Vicia faba

LOC_Os01g64970
LOC_Os02g34600
LOC_Os03g27280
LOC_Os03g41460
LOC_Os03g55600
LOC_Os04g35240
LOC_Os04g59450
LOC_Os07g42940
LOC_Os10g41490
LOC_Os12g39630
AAF27340.1

113

OsSAPK4
OsSAPK6
OsSAPK1
OsSAPK10
OsSAPK8
OsSAPK7
OsSAPK5
OsSAPK2
OsSAPK3
OsSAPK9
AAPK

Table A.2

List of primers used in this study

Purpose

Gene

Overexpression
construct

Glyma.17G178800
Glyma.11G058800
Glyma.05G081900

Reverse
Transcriptase
PCR

Glyma.17G178800
Glyma.11G058800
Glyma.05G081900

RNAi construct

Glyma.17G178800
Glyma.11G058800
Glyma.05G081900

Expression of
eGFP

eGFP

Real time PCR

Glyma.17G178800
(AALK1)

Reference gene

Glyma17g05270
(60s ribosomal
protein L30)
Glyma02g44460
(Eukaryotic
elongation factor 1
beta)

Primer
Name
G17OF
G17OR
G11OF
G11OR
G5OF
G5OR
G17F
G17R
G11F
G11R
G5F
G5R
G17RF

Nucleotide Sequence (5’-3’)

G17RR
G11RF
G11RR
G5RF
G5RR
eGFPF

TGATTGCCCATTATCTTCTCG
AGGGATAAGCAGACGCAAGA
TTGTGAATGAAGCACCGAAG
TGATTCTCTCTGCTGGGTCA
CTGGAAAACACTTTGCTGGA
GAATTTGTTTCGTGAACTATTAGTTGCGG

eGFPR
17KF1
17KR1
17KF2
17KR2
60S1

GCATGCCTGCAGGTCACTGGATTTTG3
AAGAGATATATACGTGGTGCCCGC
AAGCATTCCCCTGGAAGTGAG
TTTCTCAGAGAGTCTTCCCG
GGTTTGTTCTCGAACGGCGT
AAAGTGGACCAAGGCATATCGTCG

60S2

TCAGGACATTCTCCGCAAGATTCC

ELF1B1

GTTGAAAAGCCAGGGGACA

ELF1B2

TCTTACCCCTTGAGCGTGG
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CACCGTTCGAGAACAAACCAAA
ATTTAATATGTTGTCTTTCAAGTGTA
CACCACTTGCACCCTCTCTCTC
CGTCGTGTTGAATAAGATGCTGTACT
CACCATGGATCGGGCGG
CTATATGGCATACTATTTCCCCACTG
GATGCAGGATAAACAAACCAAGGAACTG
GGTCAAAAGAATAGGTCCCAACT
GGATAAGCAGACGCAAGAGCTT
GTCGGAGTCTAATTCATCCATGTC
GATGCAGGATAAACAAACCAAGGAACTC
TAGGTCCCAGCCGCTGGC
GCTTGAAAACACTTTGCTGGA

Table A.3

Singular enrichment analysis using AgriGO to identify enriched gene
ontologies among the 4142 differentially expressed genes in drought
conditions

GO term
GO:0008152
GO:0016491
GO:0016798
GO:0055114
GO:0004553
GO:0016705

Ontology
P
F
F
P
F
F

GO:0020037
GO:0046906
GO:0030528
GO:0003700
GO:0009055
GO:0005506
GO:0060255
GO:0009889
GO:0010556
GO:0031326
GO:0019222
GO:0010468
GO:0051171
GO:0019219

F
F
F
F
F
F
P
P
P
P
P
P
P
P

GO:0080090
GO:0051252
GO:0006355
GO:0031323
GO:0045449
GO:0003824
GO:0032774
GO:0006351
GO:0006350
GO:0004857
GO:0003677
GO:0005975
GO:0030246
GO:0008017
GO:0015631

P
P
P
P
P
F
P
P
P
F
F
P
F
F
F

Description
metabolic process
oxidoreductase activity
hydrolase activity, acting on glycosyl bonds
oxidation-reduction
hydrolase activity, hydrolyzing O-glycosyl compounds
oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen
heme binding
tetrapyrrole binding
transcription regulator activity
transcription factor activity
electron carrier activity
iron ion binding
regulation of macromolecule metabolic process
regulation of biosynthetic process
regulation of macromolecule biosynthetic process
regulation of cellular biosynthetic process
regulation of metabolic process
regulation of gene expression
regulation of nitrogen compound metabolic process
regulation of nucleobase, nucleoside, nucleotide and
nucleic acid metabolic process
regulation of primary metabolic process
regulation of RNA metabolic process
regulation of transcription, DNA-dependent
regulation of cellular metabolic process
regulation of transcription
catalytic activity
RNA biosynthetic process
transcription, DNA-dependent
transcription
enzyme inhibitor activity
DNA binding
carbohydrate metabolic process
carbohydrate binding
microtubule binding
tubulin binding
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Table A.4

GO term
GO:0055114
GO:0016491
GO:0005506
GO:0016706
GO:0016209
GO:0020037
GO:0046906
GO:0016705
GO:0016684
GO:0004601
GO:0003700
GO:0030528
GO:0009055

Table A.5

GO term
GO:0016787
GO:0003824
GO:0044238
GO:0009987
GO:0008152
GO:0043170
GO:0016787
GO:0003824
GO:0016740
GO:0005488

Singular enrichment analysis using AgriGO to identify enriched gene
ontologies among the 328 differentially expressed genes in aalk1-RNAi
lines under drought conditions.
Ontology
P
F
F
F
F
F
F
F
F
F
F
F
F

Description
oxidation-reduction
oxidoreductase activity
iron ion binding
oxidoreductase activity
antioxidant activity
heme binding
tetrapyrrole binding
oxidoreductase activity,
oxidoreductase activity, acting on peroxide as acceptor
peroxidase activity
transcription factor activity
transcription regulator activity
electron carrier activity

Singular enrichment analysis using AgriGO to identify enriched gene
ontologies among the 27 differentially expressed genes in comparison
between aalk1-RNAi lines and control in drought conditions.
Ontology
F
F
P
P
P
P
F
F
F
F

Description
hydrolase activity
catalytic activity
primary metabolic process
cellular process
metabolic process
macromolecule metabolic process
hydrolase activity
catalytic activity
transferase activity
binding
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Table A.6

GO term
GO:0008152
GO:0044237
GO:0009987
GO:0044238
GO:0016740
GO:0003824
GO:0005488

Singular enrichment analysis using AgriGO to identify enriched gene
ontologies among the 18 uniquely expressed genes in comparison between
aalk1-RNAi lines and control in untreated conditions
Ontology
P
P
P
P
F
F
F

Description
metabolic process
cellular metabolic process
cellular process
primary metabolic process
transferase activity
catalytic activity
binding
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Table A.7

Singular enrichment analysis using AgriGO to identify enriched gene
ontologies among the 18 differentially expressed genes in the comparison
between aalk1-RNAi lines and control in untreated conditions

GO term
GO:0008152
GO:0003824
GO:0016491
GO:0046872
GO:0043167
GO:0043169
GO:0055114
GO:0046914
GO:0031323
GO:0009889
GO:0010556
GO:0031326
GO:0080090
GO:0006355
GO:0051252
GO:0045449
GO:0005215
GO:0005506
GO:0020037
GO:0046906
GO:0050896
GO:0006950
GO:0016705

Ontology
P
F
F
F
F
F
P
F
P
P
P
P
P
P
P
P
F
F
F
F
P
P
F

GO:0009055
GO:0016798
GO:0042221
GO:0004553
GO:0016209
GO:0004601
GO:0016684
GO:0006979
GO:0005507
GO:0005976
GO:0004857
GO:0004857
GO:0016706

F
F
P
F
F
F
F
P
F
P
F
F
F

GO:0004190
GO:0070001

F
F

Description
metabolic process
catalytic activity
oxidoreductase activity
metal ion binding
ion binding
cation binding
oxidation reduction
transition metal ion binding
regulation of cellular metabolic process
regulation of biosynthetic process
regulation of macromolecule biosynthetic process
regulation of cellular biosynthetic process
regulation of primary metabolic process
regulation of transcription, DNA-dependent
regulation of RNA metabolic process
regulation of transcription
transporter activity
iron ion binding
heme binding
tetrapyrrole binding
response to stimulus
response to stress
oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen
electron carrier activity
hydrolase activity, acting on glycosyl bonds
response to chemical stimulus
hydrolase activity, hydrolyzing O-glycosyl compounds
antioxidant activity
peroxidase activity
oxidoreductase activity, acting on peroxide as acceptor
response to oxidative stress
copper ion binding
polysaccharide metabolic process
enzyme inhibitor activity
enzyme inhibitor activity
oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen, 2oxoglutarate as one donor, and incorporation of one atom
each of oxygen into both donors
aspartic-type endopeptidase activity
aspartic-type peptidase activity
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Table A.7 (continued)
GO:0044092
GO:0043086
GO:0015979
GO:0004866
GO:0030414
GO:0042802
GO:0034357
GO:0009521
GO:0009579
GO:0045735
GO:0000272
GO:0046700
GO:0006820
GO:0016998
GO:0044036
GO:0004497
GO:0009523
GO:0009166
GO:0009207
GO:0009154
GO:0009143
GO:0009146
GO:0006195
GO:0009261
GO:0006184
GO:0009203
GO:0051258
GO:0046039
GO:0015698
GO:0043623
GO:0015103
GO:0008509
GO:0008272
GO:0015116
GO:0010181
GO:0004499
GO:0016709

P
P
P
F
F
F
C
C
C
F
P
P
P
P
P
F
C
P
P
P
P
P
P
P
P
P
P
P
P
P
F
F
P
F
F
F
F

GO:0006022
GO:0006026
GO:0006030
GO:0006032
GO:0004568
GO:0005875

P
P
P
P
F
C

negative regulation of molecular function
negative regulation of catalytic activity
photosynthesis
endopeptidase inhibitor activity
peptidase inhibitor activity
identical protein binding
photosynthetic membrane
photosystem
thylakoid
nutrient reservoir activity
polysaccharide catabolic process
heterocycle catabolic process
anion transport
cell wall macromolecule catabolic process
cell wall macromolecule metabolic process
monooxygenase activity
photosystem II
nucleotide catabolic process
purine ribonucleoside triphosphate catabolic process
purine ribonucleotide catabolic process
nucleoside triphosphate catabolic process
purine nucleoside triphosphate catabolic process
purine nucleotide catabolic process
ribonucleotide catabolic process
GTP catabolic process
ribonucleoside triphosphate catabolic process
protein polymerization
GTP metabolic process
inorganic anion transport
cellular protein complex assembly
inorganic anion transmembrane transporter activity
anion transmembrane transporter activity
sulfate transport
sulfate transmembrane transporter activity
FMN binding
flavin-containing monooxygenase activity
oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen, NADH or
NADPH as one donor, and incorporation of one atom of
oxygen
aminoglycan metabolic process
aminoglycan catabolic process
chitin metabolic process
chitin catabolic process
chitinase activity
microtubule associated complex

119

Table A.7 (continued)
GO:0004097
GO:0016161
GO:0004499
GO:0016709

F
F
F
F

GO:0006022
GO:0006026
GO:0006030
GO:0006032
GO:0004568
GO:0005875
GO:0004097
GO:0016161

P
P
P
P
F
C
F
F

catechol oxidase activity
beta-amylase activity
flavin-containing monooxygenase activity
oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen, NADH or
NADPH as one donor, and incorporation of one atom of
oxygen
aminoglycan metabolic process
aminoglycan catabolic process
chitin metabolic process
chitin catabolic process
chitinase activity
microtubule-associated complex
catechol oxidase activity
beta-amylase activity
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Table A.8

Transcription factors differentially expressed in aalk1-RNAi silenced vs.
control under drought treated or untreated conditions.

aalk1-RNAi vs control- drought treated conditions
Gene
Family
logFC Annotation
Glyma.U000500
bHLH
5.82
bHLH140
Glyma.06G050300 Zinc finger
-2.18
Zince finger CCH (C3H) domain-containing protein
Glyma.07G178500 G2-like
-2.86
Two-component response regulator ARR14
Glyma.09G240000 WRKY
-3.32
WRKY DNA-binding protein
aalk1-RNAi vs control-untreated conditions
Glyma.12G209900 bHLH
-2.18
basic helix-loop-helix (bHLH) DNA-binding protein
Glyma.17G156000 bHLH
-2.87
basic helix-loop-helix (bHLH) DNA-binding protein
Glyma.17G156100 bHLH
-3.02
basic helix-loop-helix (bHLH) DNA-binding protein
Glyma.18G210700 bHLH
-3.86
Transcription regulators
Glyma.11G006900 CPP
-2.73
Transcription factor CPP
Glyma.08G020900 ERF
-2.74
AP2 domain-containing transcription factor
Glyma.02G157300 MYB_related -7.05
MYB transcription factor MYB142
Glyma.07G249000 NF-YB
-3.21
Nuclear transcription factor Y
Glyma.09G046200 NF-YB
-4.23
Nuclear transcription factor Y
Glyma.15G153900 NF-YB
-3.50
nuclear transcription factor Y
Glyma.13G177400 SBP
-3.61
squamosa promoter binding protein-like 3
Glyma.05G200400 Trihelix
-6.56
Homeodomain-like superfamily protein
Glyma.19G259700 NAC
-3.44
NAC (No Apical Meristem) domain transcriptional
regulator superfamily protein
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Table A.9

Transcription factors responsive to drought treated vs. untreated in aalk1RNAi silenced lines

RNAi- Treated vs untreated (Upregulated)
ID
Glyma.01G022500

Family
AP2

logFC
2.25

Glyma.06G165000

bHLH

3.94

Glyma.11G131200

bHLH

2.39

Inducer of CBF expression/bHLH DNA binding
superfamily protein
Transcription factor bHLH130

Glyma.12G209900
Glyma.03G247100
Glyma.06G048500
Glyma.07G060400
Glyma.12G040600
Glyma.19G193400

bHLH
bZIP
bZIP
bZIP
bZIP
bZIP

2.28
2.88
5.22
2.16
2.19
4.10

Transcription factor bHLH30
BZIP transcription factor
BZIP transcription factor family protein
G-box binding factor
BZIP transcription factor
BZIP transcription factor

Glyma.19G216200
Glyma.19G244800
Glyma.U029500
Glyma.04G033300
Glyma.05G177700

bZIP
bZIP
bZIP
C2H2
C2H2

2.56
4.01
3.15
2.48
4.02

Glyma.06G290100
Glyma.12G116900
Glyma.06G059600

C3H
C3H
CO-like

7.11
9.01
2.41

BZIP transcription factor
BZIP transcription factor
BZIP transcription factor family protein
Zinc finger protein
Hop-interacting protein/C2H2 and C2HC zinc
fingers superfamily protein
Zinc finger family protein
Zinc finger family protein
CONSTANS-like

Glyma.19G099700
Glyma.20G115600
Glyma.15G071400
Glyma.19G023200
Glyma.02G261700
Glyma.03G116700

CO-like
CO-like
Dof
Dof
ERF
ERF

3.81
6.30
2.59
4.14
4.24
3.34

Zinc finger protein CONSTANS-like protein
Zinc finger family protein
Dof6 transcription factor
cycling DOF factor
DRE-binding protein
Ethylene-responsive transcription factor

Glyma.05G200100
Glyma.06G028300
Glyma.06G148400
Glyma.07G110000
Glyma.07G156200
Glyma.10G223200

ERF
ERF
ERF
ERF
ERF
ERF

3.16
5.03
3.53
2.69
6.44
2.96

Integrase-type DNA-binding superfamily protein
Ethylene-responsive transcription factor ERF071
Ethylene-responsive transcription factor
Ethylene-responsive transcription factor
DRE-binding protein
AP2 domain-containing transcription factor family

Glyma.12G203100
Glyma.13G233800
Glyma.14G147500
Glyma.15G079200
Glyma.17G240100
Glyma.17G254600

ERF
ERF
ERF
ERF
ERF
ERF

2.73
3.48
4.72
5.15
3.30
6.00

Drought responsive element binding protein
Ethylene responsive transcription factor 1
AP2 domain-containing transcription factor
Ethylene responsive transcription factor
Dehydration responsive element binding protein
Integrase-type DNA-binding superfamily protein

Glyma.18G206600

ERF

4.72

DRE-binding protein
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Annotation
AP2-like ethylene-responsive transcription factor

Table A.9 (continued)
Glyma.20G070100
Glyma.02G098800
Glyma.10G281000

ERF
G2-like
G2-like

2.15
4.31
3.38

Ethylene response factor
MYB-type transcription factor
Myb family transcription factor

Glyma.11G058600
Glyma.20G009800
Glyma.19G110200
Glyma.12G018100
Glyma.04G231400
Glyma.07G052100

G2-like
G2-like
GATA
GRAS
HD-ZIP
HD-ZIP

3.38
2.54
2.78
2.53
2.60
3.30

Homeodomain-like superfamily protein
Homeodomain-like superfamily protein
GATA transcription factor
GRAS family transcription factor
Homeobox-leucine zipper protein ATHB-7
Homeobox protein

Glyma.16G021000
Glyma.13G105700
Glyma.17G053700
Glyma.20G177600
Glyma.05G227200
Glyma.01G233400

HD-ZIP
HSF
HSF
LBD
M-type_MADS
MYB

4.60
8.61
5.70
3.86
3.82
3.42

Homeobox protein
heat shock transcription factor
heat shock transcription factor
LOB domain-containing protein
MADS-box transcription factor
Transcription factor MYB103

Glyma.03G221900
Glyma.04G042300
Glyma.06G121200
Glyma.07G189300
Glyma.08G042100
Glyma.08G059900

MYB
MYB
MYB
MYB
MYB
MYB

3.36
5.15
2.45
4.93
4.21
5.85

Myb-like transcription factor
MYB transcription factor MYB68
MYB transcription factor
MYB transcription factor
Myb transcription factor
MYB transcription factor

Glyma.10G132200
Glyma.12G199600
Glyma.13G282100
Glyma.13G302400
Glyma.17G162100
Glyma.20G199300

MYB
MYB
MYB
MYB
MYB
MYB

5.86
6.59
2.63
6.35
5.14
7.54

MYB transcription factor
MYB domain class transcription factor
MYB domain class transcription factor
MYB domain class transcription factor
MYB transcription factor
Myb family transcription factor family

Glyma.06G216400
Glyma.15G019400
Glyma.04G212000
Glyma.04G249000
Glyma.06G114000
Glyma.06G248900

MYB_related
MYB_related
NAC
NAC
NAC
NAC

4.54
2.15
3.44
2.27
2.57
3.95

Glyma.07G229100
Glyma.08G181100

NAC
NAC

3.83
7.53

Telomeric repeat-binding factor
MYB transcription factor
NAC domain protein
NAC domain protein
NAC transcription factor
NAC (No Apical Meristem) domain
transcriptional regulator superfamily protein
Transcriptional factor NAC51
NAC transcription factor

Glyma.08G307100
Glyma.11G182000
Glyma.12G148900
Glyma.12G149100
Glyma.13G030900

NAC
NAC
NAC
NAC
NAC

5.58
3.71
3.89
5.96
4.76

NAC domain protein
NAC domain protein
NAC transcription factor
NAC domain protein
NAC transcription factor
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Table A.9 (continued)
Glyma.14G152700
Glyma.16G151500
Glyma.20G033300

NAC
NAC
NAC

3.29
3.33
4.09

NAC domain protein
NAC domain protein
NAC domain protein

Glyma.04G216100
Glyma.03G109100
Glyma.06G054500
Glyma.07G116300
Glyma.12G097100
Glyma.16G031900

Trihelix
WRKY
WRKY
WRKY
WRKY
WRKY

2.43
4.45
5.93
8.51
2.31
2.48

Trihelix transcription factor
WRKY family transcription factor
WRKY transcription factor
WRKY family transcription factor
WRKY transcription factor
WRKY transcription factor

Glyma.17G239200
Glyma.01G047900

WRKY
ZF-HD

3.53
4.00

WRKY transcription factor
ZF-HD homeobox protein

RNAi- Treated vs untreated (Downregulated)
Gene

Family

logFC

Glyma.03G177500

AP2

-2.96

Transcription factor

Glyma.04G047900

AP2

-5.08

Integrase-type DNA-binding superfamily protein

Glyma.06G049200

AP2

-5.04

ANT-like protein

Glyma.01G103500

ARF

-4.12

Auxin response factor

Glyma.03G258300

ARF

-3.74

Auxin response factor

Glyma.19G196600

B3

-3.94

AP2/B3-like transcriptional factor family protein

Glyma.01G096600

bHLH

-3.04

bHLH DNA-binding family protein

Glyma.01G129700

bHLH

-6.61

Transcription regulators

Glyma.02G210500

bHLH

-6.29

Basic helix loop helix

Glyma.04G098400

bHLH

-7.32

Basic helix loop helix

Glyma.04G172500

bHLH

-6.58

BHLH family protein

Glyma.05G110600

bHLH

-4.58

Transcription factor bHLH19

Glyma.07G027400

bHLH

-4.74

Transcription factor bHLH

Glyma.08G346300

bHLH

-3.11

Basic helix-loop-helix family protein

Glyma.09G060200

bHLH

-4.10

Transcription factor bHLH

Glyma.09G204500

bHLH

-2.83

G-box binding protein

Glyma.10G206300

bHLH

-4.88

BHLH transcription factor-like protein

Glyma.11G192800

bHLH

-3.41

BHLH transcription factor

Glyma.14G178000

bHLH

-6.84

Basic helix loop helix

Glyma.14G185100

bHLH

-2.84

Transcription factor bHLH93

Glyma.16G133200

bHLH

-4.97

Transcription factor bHLH

Glyma.18G156900

bHLH

-2.87

Basic helix-loop-helix family protein

Glyma.18G246000

bHLH

-6.99

bHLH DNA-binding superfamily protein

Glyma.20G248100

bHLH

-4.05

Transcription factor bHLH128

Glyma.04G029600

bZIP

-3.13

BZIP transcription factor

Glyma.12G227700

bZIP

-5.57

Transcription factor RF2b

Glyma.01G101800

C2H2

-4.91

zinc finger protein
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Annotation

Table A.9 (continued)
Glyma.07G135900

C2H2

-5.59

EARS family protein

Glyma.10G045200

C2H2

-7.59

Zinc finger protein

Glyma.10G280000

C2H2

-5.62

C2H2L domain class transcription factor

Glyma.11G192400

C2H2

-5.60

Zinc finger family protein

Glyma.12G081700

C2H2

-5.14

Zinc finger family protein

Glyma.13G146400

C2H2

-4.47

Zinc finger family protein

Glyma.14G088300

C2H2

-4.33

C2H2-type zinc finger protein

Glyma.14G218700

C2H2

-7.70

Zinc finger family protein

Glyma.17G142300

C2H2

-3.95

Cys2/His2 zinc-finger transcription factor

Glyma.17G216800

C2H2

-2.42

C2H2L domain class transcription factor

Glyma.17G236200

C2H2

-4.17

salt tolerance zinc finger

Glyma.17G257700

C2H2

-4.17

Zinc finger family protein

Glyma.18G036000

C2H2

-3.72

Ramosa1 C2H2 zinc-finger transcription factor

Glyma.20G193000

C2H2

-6.64

C2H2-type zinc finger protein

Glyma.06G027000

DBB

-3.53

Glyma.04G183700

Dof

-4.01

probable salt tolerance-like protein/Zinc finger
protein CONSTANS-LIKE
Dof zinc finger protein

Glyma.05G037800

Dof

-4.09

Dof zinc finger protein

Glyma.16G145000

Dof

-3.37

DNA binding with one finger 5 protein

Glyma.02G132500

ERF

-4.85

Glyma.04G084000

ERF

-4.31

Transcription factor AP2-EREBP/Redox
responsive transcription factor
AP2 domain-containing transcription factor

Glyma.05G063500

ERF

-3.32

ERF protein

Glyma.07G017300

ERF

-7.00

DREB-like protein

Glyma.08G202300

ERF

-4.06

DREB-like protein

Glyma.08G257300

ERF

-4.70

Ethylene-responsive transcription factor

Glyma.09G041500

ERF

-2.39

Ethylene-responsive transcription factor

Glyma.09G242600

ERF

-3.59

Ethylene-responsive element binding protein

Glyma.10G118900

ERF

-2.48

ethylene-responsive transcription factor

Glyma.11G036400

ERF

-4.33

ethylene responsive element binding factor

Glyma.12G226600

ERF

-4.93

Ethylene-responsive transcription factor

Glyma.17G131900

ERF

-5.84

CBF3 protein

Glyma.17G143900

ERF

-5.35

ethylene-responsive transcription factor

Glyma.17G145300

ERF

-2.70

ethylene responsive element binding factor

Glyma.18G252300

ERF

-2.83

Ethylene-responsive element binding protein

Glyma.18G252400

ERF

-7.22

Ethylene-responsive element binding protein

Glyma.19G163700

ERF

-6.98

Ethylene-responsive transcription factor

Glyma.19G164100

ERF

-5.16

Ethylene-responsive transcription factor

Glyma.20G215700

ERF

-3.69

Ethylene-responsive transcription factor R

Glyma.03G051400

G2-like

-8.45

Two-component response regulator

Glyma.08G116700

G2-like

-3.40

Myb family transcription factor APL
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Table A.9 (continued)
Glyma.12G211600

G2-like

-5.76

Myb family transcription factor family protein

Glyma.07G108900

GATA

-3.62

GATA transcription factor 2

Glyma.07G266500

GRAS

-6.22

Chitin-inducible gibberellin-responsive protein

Glyma.09G011800

GRAS

-3.22

Chitin-inducible gibberellin-responsive protein

Glyma.09G036500

GRAS

-7.67

DELLA protein GAI

Glyma.09G133600

GRAS

-2.91

SCL domain class transcription factor

Glyma.10G038500

GRAS

-4.83

GRAS transcription factor

Glyma.16G008200

GRAS

-5.44

Nodulation signaling pathway

Glyma.16G179900

GRAS

-3.39

SCL domain class transcription factor

Glyma.20G162100

GRAS

-2.82

ATP-dependent RNA helicase

Glyma.02G019100

HD-ZIP

-6.83

Homeobox-leucine zipper protein

Glyma.02G171300

HD-ZIP

-6.26

Homeobox-leucine zipper protein

Glyma.09G109700

HD-ZIP

-7.36

Homeobox-leucine zipper protein

Glyma.11G035900

HD-ZIP

-4.13

Homeobox-leucine zipper protein

Glyma.11G045100

HD-ZIP

-2.81

HD domain class transcription factor

Glyma.19G010100

HD-ZIP

-3.65

Transcription factor Homeobox

Glyma.07G128700

HRT-like

-6.28

effector of transcription 2

Glyma.05G095900

HSF

-5.30

Heat shock transcription factor

Glyma.10G066100

HSF

-3.40

Heat stress transcription factor

Glyma.13G151200

HSF

-2.82

Heat stress transcription factor

Glyma.17G174900

HSF

-2.24

Heat shock transcription factor

Glyma.02G006800

MYB

-4.72

Myb-like transcription factor

Glyma.03G007500

MYB

-3.85

myb domain protein

Glyma.03G078000

MYB

-5.67

MYB transcription factor MYB5

Glyma.06G103300

MYB

-6.77

myb domain protein

Glyma.09G206200

MYB

-4.11

Myb-like transcription factor

Glyma.10G054700

MYB

-5.05

MYB transcription factor

Glyma.11G215800

MYB

-4.16

myb domain protein

Glyma.12G104600

MYB

-6.60

MYB transcription factor

Glyma.16G092100

MYB

-7.29

Myb-like transcription factor

Glyma.08G029400

MYB_related

-7.04

MYB transcription factor MYB127

Glyma.06G166500

NAC

-4.91

NAC domain containing protein

Glyma.07G050600

NAC

-3.84

NAC secondary wall thickening promoting factor

Glyma.12G206900

NAC

-4.11

NAC transcription factor

Glyma.16G019400

NAC

-3.28

NAC secondary wall thickening promoting factor

Glyma.17G185000

NAC

-2.78

NAC transcription factor

Glyma.19G180300

NAC

-5.35

NAC domain transcription factor

Glyma.11G085500

Nin-like

-5.27

RWP-RK domain-containing protein

Glyma.10G204400

RAV

-5.21

RAV-like DNA-binding protein

Glyma.06G193000

TCP

-3.63

Transcription factor PCF2
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Table A.9 (continued)
Glyma.13G271700

TCP

-2.95

TCP trancription factor

Glyma.03G189600

Trihelix

-3.84

Homeodomain-like

Glyma.04G040900

WOX

-2.98

Glyma.04G061400

WRKY

-4.11

Homeobox-leucine zipper transcription factor
family protein
WRKY transcription factor

Glyma.04G223300

WRKY

-5.69

WRKY DNA-binding protein

Glyma.05G184500

WRKY

-2.84

|WRKY DNA-binding protein

Glyma.05G215900

WRKY

-4.44

WRKY family transcription factor

Glyma.06G142000

WRKY

-3.75

WRKY DNA-binding protein

Glyma.07G057400

WRKY

-3.95

WRKY family transcription factor

Glyma.07G227200

WRKY

-6.03

WRKY transcription factor

Glyma.09G240000

WRKY

-8.52

WRKY transcription factor

Glyma.09G274000

WRKY

-5.24

Transcription factor

Glyma.13G267500

WRKY

-5.54

WRKY transcription factor

Glyma.13G267700

WRKY

-3.83

WRKY transcription factor

Glyma.13G289400

WRKY

-2.23

WRKY DNA-binding protein

Glyma.16G026400

WRKY

-3.96

Transcription factor

Glyma.17G057100

WRKY

-2.56

WRKY DNA-binding protein

Glyma.18G213200

WRKY

-3.95

B0LUS2 Transcription factor

Glyma.19G020600

WRKY

-6.13

WRKY transcription factor

Glyma.20G028000

WRKY

-2.34

WRKY transcription factor

Glyma.20G163200

WRKY

-3.81

WRKY transcription factor
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Table A.10

Transcription factors differentially expressed under drought treated vs.
untreated in control lines

Control- Treated vs untreated (Upregulated)
Gene

Family

logFC

Annotation

Glyma.17G256500

ARF

2.38

Auxin response factor

Glyma.06G165000

bHLH

2.58

Inducer of CBF expression

Glyma.11G043600

bHLH

4.41

BHLH transcription factor

Glyma.14G032200

bHLH

4.85

Transcription factor PIF4

Glyma.02G012700

bZIP

2.21

BZIP transcription factor

Glyma.03G247100

bZIP

4.11

BZIP transcription factor bZIP105

Glyma.06G048500

bZIP

8.07

BZIP transcription factor family protein

Glyma.07G060400

bZIP

2.42

G-box binding factor

Glyma.08G115300

bZIP

2.12

BZIP transcription factor

Glyma.10G092100

bZIP

2.97

TGA10 transcription factor

Glyma.11G114800

bZIP

2.09

BZIP transcription factor ATB2

Glyma.12G040600

bZIP

2.24

BZIP transcription factor bZIP124

Glyma.19G193400

bZIP

2.96

BZIP transcription factor

Glyma.19G216200

bZIP

2.21

BZIP transcription factor bZIP41

Glyma.19G244800

bZIP

5.55

BZIP transcription factor

Glyma.U029500

bZIP

3.42

BZIP transcription factor family protein

Glyma.04G033300

C2H2

2.04

Zinc finger protein

Glyma.04G062600

C2H2

3.03

Zinc finger protein

Glyma.05G177700

C2H2

3.64

Hop-interacting protein

Glyma.08G134700

C2H2

5.93

Protein SENSITIVE TO PROTON RHIZOTOXICITY

Glyma.10G295200

C2H2

3.99

C2H2-type zinc finger protein-like protein

Glyma.18G287200

C2H2

2.88

Zinc finger protein

Glyma.04G050300

C3H

3.85

Zinc finger CCCH domain-containing protein

Glyma.06G050300

C3H

3.76

Zinc finger CCCH domain-containing protein

Glyma.06G290100

C3H

9.07

Zinc finger family protein

Glyma.12G116900

C3H

7.91

Zinc finger family protein

Glyma.06G059600

CO-like

3.67

Constans

Glyma.19G207100

CO-like

2.77

CONSTANS-like zinc finger protein

Glyma.20G115600

CO-like

6.95

Zinc finger family protein

Glyma.15G071400

Dof

3.04

Transcription factor PIF4

Glyma.19G023200

Dof

3.18

cycling DOF factor

Glyma.02G080200

ERF

5.73

Transcription factor AP2-EREBP

Glyma.02G261700

ERF

5.53

DRE-binding protein

Glyma.03G116700

ERF

2.15

Ethylene-responsive transcription factor ERF034

Glyma.03G162600

ERF

4.41

Ethylene-responsive transcription factor

Glyma.04G041200

ERF

2.93

Drought responsive element binding protein

Glyma.05G186700

ERF

5.29

Ethylene-responsive transcription factor
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Table A.10 (continued)
Glyma.05G200100
Glyma.06G028300

ERF
ERF

5.26
6.83

RAP2-like protein
Dehydration-responsive element-binding protein

Glyma.06G148400

ERF

5.77

Ethylene-responsive transcription factor

Glyma.06G163700

ERF

3.61

Ethylene-responsive transcription factor

Glyma.07G156200

ERF

7.79

DRE-binding protein

Glyma.08G145300

ERF

2.48

Ethylene-responsive transcription factor

Glyma.09G052800

ERF

6.05

Ethylene-responsive transcription factor

Glyma.10G007000

ERF

4.87

Transcription factor

Glyma.10G036600

ERF

3.27

Ethylene-responsive transcription factor

Glyma.10G186800

ERF

6.17

Transcription factor AP2-EREBP

Glyma.10G194200

ERF

2.62

Ethylene-responsive transcription factor

Glyma.10G223200

ERF

5.33

Glyma.11G018100

ERF

4.09

AP2 domain-containing transcription factor family
protein
AP2 domain-containing transcription factor

Glyma.11G036500

ERF

3.21

Transcription factor AP2-EREBP

Glyma.13G123000

ERF

2.24

Ethylene-responsive transcription factor

Glyma.13G233800

ERF

5.79

Ethylene responsive transcription factor

Glyma.15G079100

ERF

3.01

pathogenesis-related genes transcriptional activator PTI5

Glyma.15G079200

ERF

5.41

Ethylene responsive transcription factor

Glyma.15G152000

ERF

2.17

Ethylene-responsive transcription factor

Glyma.16G047600

ERF

5.59

AP2/ERF transcription factor

Glyma.16G164800

ERF

6.21

Transcription factor AP2-EREBP

Glyma.17G240100

ERF

2.78

Dehydration responsive element binding protein

Glyma.18G206600

ERF

5.14

DRE-binding protein 2D2

Glyma.18G281400

ERF

3.95

Ethylene-responsive transcription factor

Glyma.20G070100

ERF

4.01

Ethylene response factor

Glyma.20G195900

ERF

2.86

Ethylene-responsive transcription factor

Glyma.20G203700

ERF

2.35

Transcription factor AP2-EREBP

Glyma.01G183700

G2-like

2.68

Two-component response regulator

Glyma.02G098800

G2-like

4.49

MYB-type transcription factor

Glyma.02G282900

G2-like

3.21

Glyma.07G178500

G2-like

5.36

Myb-like DNA-binding domain, SHAQKYF class
family protein
Two-component response regulator ARR14

Glyma.07G209500

G2-like

2.50

Two-component response regulator

Glyma.10G281000

G2-like

3.70

Myb family transcription factor

Glyma.18G113400

G2-like

4.09

MYBR domain class transcription factor

Glyma.20G009800

G2-like

3.62

Two-component response regulator

Glyma.03G232900

GATA

6.59

GATA transcription factor

Glyma.11G138500

GRAS

2.75

SCARECROW-like protein

Glyma.12G018100

GRAS

3.20

GAI-like protein

Glyma.13G337500

GRAS

3.43

GRAS family transcription factor
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Table A.10 (continued)
Glyma.18G205100
Glyma.02G058900

GRAS
HD-ZIP

3.91
5.69

DELLA protein
Homeodomain leucine zipper protein

Glyma.04G231400

HD-ZIP

3.57

Homeobox-leucine zipper protein

Glyma.06G133800

HD-ZIP

2.60

Homeobox-leucine zipper protein

Glyma.06G234700

HD-ZIP

7.35

Homeobox-leucine zipper protein

Glyma.07G052100

HD-ZIP

2.14

Homeobox protein

Glyma.16G021000

HD-ZIP

3.38

Homeobox protein

Glyma.U039100

HD-ZIP

2.10

Homeodomain leucine-zipper

Glyma.01G143500

HSF

3.30

Heat stress transcription factor

Glyma.03G191100

HSF

2.71

Heat stress transcription factor

Glyma.13G105700

HSF

8.87

heat shock transcription factor

Glyma.17G053700

HSF

4.93

heat shock transcription factor

Glyma.19G137800

HSF

3.33

Heat Stress Transcription Factor family protein

Glyma.04G044800

LBD

3.45

LOB domain-containing protein

Glyma.19G257300

LBD

2.68

LOB domain protein

Glyma.20G177600

LBD

2.27

LOB domain-containing protein

Glyma.01G233400

MYB

4.00

Transcription factor MYB103

Glyma.03G221900

MYB

3.58

Myb-like transcription factor

Glyma.04G042300

MYB

5.80

MYB transcription factor

Glyma.05G234600

MYB

4.42

MYB transcription factor

Glyma.06G121200

MYB

2.45

MYB transcription factor

Glyma.07G189300

MYB

3.65

R2R3-MYB transcription factor

Glyma.08G042100

MYB

7.08

Myb transcription factor

Glyma.08G059900

MYB

4.74

R2R3-MYB transcription factor

Glyma.09G032100

MYB

3.61

Myb-like transcription factor

Glyma.10G132200

MYB

4.59

R2R3-MYB transcription factor

Glyma.11G009400

MYB

2.65

Myb-like transcription factor

Glyma.12G199600

MYB

4.77

MYB domain class transcription factor

Glyma.13G302400

MYB

4.66

MYB domain class transcription factor

Glyma.17G162100

MYB

4.38

MYB domain protein

Glyma.19G164600

MYB

3.29

GmMYB29 family protein

Glyma.20G117000

MYB

3.24

MYB domain protein

Glyma.20G199300

MYB

3.84

Myb family transcription factor family protein

Glyma.15G019400

MYB_related

2.45

MYB transcription factor MYB52

Glyma.04G212000

NAC

2.67

NAC domain protein

Glyma.04G249000

NAC

2.04

NAC domain protein

Glyma.06G114000

NAC

2.55

NAC transcription factor

Glyma.06G248900

NAC

4.67

NAC transcription factor

Glyma.07G229100

NAC

5.00

Transcriptional factor NAC51

Glyma.08G181100

NAC

6.82

NAC transcription factor
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Table A.10 (continued)
Glyma.08G307100
Glyma.11G182000

NAC
NAC

7.71
3.43

NAC domain protein
NAC domain protein

Glyma.12G148900

NAC

4.40

NAC transcription factor

Glyma.12G149100

NAC

7.87

NAC domain-containing protein

Glyma.12G221400

NAC

2.14

NAC transcription factor

Glyma.13G030900

NAC

4.28

NAC transcription factor

Glyma.13G279900

NAC

4.97

NAC transcription factor

Glyma.14G152700

NAC

3.10

NAC domain protein

Glyma.16G043200

NAC

4.35

NAC transcription factor

Glyma.16G151500

NAC

4.53

NAC transcription factor

Glyma.17G154100

NAC

2.21

NAC domain protein

Glyma.19G021900

NAC

2.91

NAC transcription factor

Glyma.19G108800

NAC

3.75

Transcriptional factor

Glyma.20G033300

NAC

4.76

NAC transcription factor

Glyma.08G055900

NF-X1

2.92

Transcriptional repressor

Glyma.12G039100

SRS

3.84

SHI-related sequence

Glyma.01G121000

Trihelix

2.35

Zinc finger and SCAN domain-containing protein

Glyma.04G216100

Trihelix

3.32

Trihelix transcription factor

Glyma.09G116400

Trihelix

2.71

Trihelix transcription factor

Glyma.13G229600

Trihelix

2.73

sequence-specific DNA binding transcription factors

Glyma.03G109100

WRKY

2.96

WRKY family transcription factor

Glyma.04G054200

WRKY

4.12

WRKY transcription factor

Glyma.06G054500

WRKY

4.38

WRKY transcription factor

Glyma.07G116300

WRKY

4.52

WRKY family transcription factor

Glyma.08G011300

WRKY

2.44

WRKY DNA-binding protein

Glyma.09G034300

WRKY

2.49

WRKY DNA-binding protein

Glyma.12G097100

WRKY

2.40

WRKY transcription factor

Glyma.13G310100

WRKY

3.05

WRKY transcription factor

Glyma.16G031900

WRKY

2.78

WRKY transcription factor

Glyma.16G054400

WRKY

2.39

Probable WRKY transcription factor

Glyma.19G094100

WRKY

3.66

WRKY DNA-binding protein

Glyma.19G217000

WRKY

3.87

WRKY transcription factor

Glyma.01G047900

ZF-HD

3.24

ZF-HD homeobox protein

Glyma.02G107300

ZF-HD

4.05

ZF-HD homeobox protein

Glyma.07G230200

ZF-HD

3.40

Zinc finger-homeodomain protein

Glyma.20G036500

ZF-HD

4.37

Transcription factor HB29-like

Control- Treated vs untreated (downregulated)
Gene
Glyma.03G177500

Family
AP2

Glyma.04G047900

AP2

logFC
-3.22
-5.54

Annotation
Transcription factor
AP2-like ethylene-responsive transcription factor
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Table A.10 (continued)
Glyma.06G049200
Glyma.14G089200
Glyma.15G221600

AP2
AP2
AP2

-5.61
-2.67
-3.57

ANT-like protein
Aintegumenta-like protein
Integrase-type DNA-binding superfamily protein

Glyma.18G244600

AP2

-3.19

Glyma.19G178200

AP2

-5.40

AP2-like ethylene-responsive transcription factor
BBM2-like
Transcription factor

Glyma.01G103500
Glyma.03G258300
Glyma.07G134800
Glyma.07G202200
Glyma.10G210600
Glyma.11G145500

ARF
ARF
ARF
ARF
ARF
ARF

-5.33
-3.34
-3.14
-2.99
-5.33
-2.88

Auxin response factor
Auxin response factor
Auxin response factor
Auxin response factor
Auxin response factor
Auxin response factor

Glyma.12G174100
Glyma.13G234200
Glyma.13G325200
Glyma.13G328000
Glyma.20G180000
Glyma.06G063500

ARF
ARF
ARF
ARF
ARF
ARR-B

-2.22
-4.08
-2.83
-3.87
-5.55
-2.95

Auxin response factor
Auxin response factor
Auxin response factor
Auxin response factor
Auxin response factor
Two-component response regulator

Glyma.17G217100
Glyma.18G010800
Glyma.03G199000
Glyma.04G037800
Glyma.19G196600
Glyma.12G231500

ARR-B
ARR-B
B3
B3
B3
BES1

-2.63
-2.88
-4.36
-3.49
-4.07
-4.52

Two-component response regulator
Response regulator
AP2/B3-like transcriptional factor family protein
B3 domain-containing protein
ABI3L domain class transcription factor
BES1/BZR1 homolog protein

Glyma.13G266500
Glyma.01G096600
Glyma.01G129700
Glyma.02G210500
Glyma.02G217800
Glyma.03G130400

BES1
bHLH
bHLH
bHLH
bHLH
bHLH

-3.94
-4.01
-6.61
-7.03
-2.00
-3.56

BES1/BZR1 homolog protein
Phaseolin G-box binding protein
Transcription factor bHLH
Basic helix loop helix
Transcription factor
Transcription factor ORG2

Glyma.03G130600
Glyma.03G258100

bHLH
bHLH

-8.31
-2.66

Glyma.04G098400
Glyma.04G172500
Glyma.05G110600
Glyma.05G110900
Glyma.06G092000
Glyma.06G100000

bHLH
bHLH
bHLH
bHLH
bHLH
bHLH

-8.62
-7.59
-5.89
-5.98
-2.64
-5.00

Transcription factor ORG2
basic helix-loop-helix (bHLH) DNA-binding
superfamily protein
Basic helix loop helix
BHLH family protein
Transcription factor
Transcription factor
Transcription factor
Basic helix loop helix

Glyma.06G191800
Glyma.06G192300

bHLH
bHLH

-8.64
-4.62

transcription factor bHLH
DNA-binding protein-like protein
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Table A.10 (continued)
Glyma.06G283300
Glyma.07G027200
Glyma.07G027400

bHLH
bHLH
bHLH

-7.42
-3.67
-5.49

Transcription factor
Transcription factor
Transcription factor bHLH2

Glyma.07G051500
Glyma.08G215300
Glyma.08G215500
Glyma.08G271900
Glyma.08G346300
Glyma.09G060200

bHLH
bHLH
bHLH
bHLH
bHLH
bHLH

-4.82
-5.78
-6.73
-3.38
-4.27
-5.96

Basic helix-loop-helix family protein
Transcription factor bHLH
Transcription factor bHLH
Phaseolin G-box binding protein
Basic helix-loop-helix family protein
Transcription factor bHLH

Glyma.09G204500
Glyma.09G278100
Glyma.10G156600
Glyma.10G206300
Glyma.11G043700
Glyma.11G192800

bHLH
bHLH
bHLH
bHLH
bHLH
bHLH

-3.16
-5.29
-2.81
-4.73
-6.87
-2.96

Phaseolin G-box binding protein
Transcription factor
Transcription factor bHLH
BHLH transcription factor-like protein
BHLH transcription factor
BHLH transcription factor

Glyma.12G178500
Glyma.12G196700
Glyma.12G216800
Glyma.13G305500
Glyma.13G368700
Glyma.14G178000

bHLH
bHLH
bHLH
bHLH
bHLH
bHLH

-4.12
-3.23
-3.41
-4.95
-4.48
-5.18

BHLH transcription factor
Transcription factor
Transcription factor
Transcription factor
Transcription factor
Basic helix loop helix

Glyma.15G166800
Glyma.16G020500
Glyma.16G023900
Glyma.16G133200
Glyma.16G201400
Glyma.17G155900

bHLH
bHLH
bHLH
bHLH
bHLH
bHLH

-2.98
-2.40
-2.50
-4.00
-4.51
-5.93

Transcription factor
Basic helix-loop-helix family protein
Myc2 bHLH protein
Transcription factor
Transcription factor
Transcription factor

Glyma.17G156000
Glyma.17G156100
Glyma.18G025800
Glyma.18G156900
Glyma.18G210700
Glyma.18G246000

bHLH
bHLH
bHLH
bHLH
bHLH
bHLH

-4.35
-5.04
-2.51
-3.96
-5.89
-8.59

Transcription factor
Transcription factor
Transcription factor
Basic helix-loop-helix family protein
Transcription factor
Transcription factor NAI1

Glyma.19G021400
Glyma.19G128900
Glyma.20G231800
Glyma.U037800
Glyma.02G045500
Glyma.02G236200

bHLH
bHLH
bHLH
bHLH
bZIP
bZIP

-5.57
-2.77
-4.73
-2.43
-6.78
-2.04

Transcription factor style2.1
Transcription factor bHLH
Transcription factor
Basic helix-loop-helix family protein
BZIP transcription factor
Transcription factor

Glyma.04G022100

bZIP

-3.32

BZIP transcription factor
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Table A.10 (continued)
Glyma.04G029600
Glyma.05G079800
Glyma.06G022300

bZIP
bZIP
bZIP

-3.66
-2.33
-2.72

BZIP transcription factor
ABSCISIC ACID-INSENSITIVE 5-like protein
BZIP transcription factor

Glyma.06G029600
Glyma.06G284900
Glyma.12G121000
Glyma.12G208400
Glyma.12G227700
Glyma.14G071400

bZIP
bZIP
bZIP
bZIP
bZIP
bZIP

-2.37
-7.56
-3.49
-3.08
-7.01
-4.61

BZIP transcription factor
BZIP transcription factor
BZIP transcription factor
BZIP transcription factor
Transcription factor RF2b
BZIP transcription factor

Glyma.17G253200
Glyma.18G052500
Glyma.19G037900
Glyma.01G101800
Glyma.03G173300
Glyma.03G186100

bZIP
bZIP
bZIP
C2H2
C2H2
C2H2

-4.79
-2.07
-3.31
-3.86
-3.82
-5.98

BZIP transcription factor bZIP17
Transcription factor RF2b
BZIP transcription factor
C2H2-type zinc finger protein-like protein
Zinc finger protein
C2H2-type zinc finger family protein

Glyma.05G022700
Glyma.05G059800
Glyma.06G287200
Glyma.07G135900
Glyma.07G158200
Glyma.08G192300

C2H2
C2H2
C2H2
C2H2
C2H2
C2H2

-7.86
-2.63
-2.94
-3.47
-3.50
-5.66

C2H2-like zinc finger protein
ys2/His2 zinc-finger transcription factor
Zinc finger family protein
EARS family protein
C2H2L domain class transcription factor
Zinc finger protein

Glyma.09G170200
Glyma.10G045200
Glyma.10G059700
Glyma.10G153200
Glyma.10G184500
Glyma.10G280000

C2H2
C2H2
C2H2
C2H2
C2H2
C2H2

-2.67
-4.68
-5.46
-2.85
-4.42
-5.98

C3HL domain class transcription factor
Zinc finger protein
C2H2-type zinc finger family protein|
Zinc finger protein-like protein
Transcriptional regulator SUPERMAN
C2H2L domain class transcription factor

Glyma.11G189500
Glyma.11G192400
Glyma.12G081700
Glyma.12G118800
Glyma.12G178900
Glyma.12G207200

C2H2
C2H2
C2H2
C2H2
C2H2
C2H2

-2.63
-5.92
-6.03
-2.81
-2.66
-2.44

Histone deacetylase HDT1
Zinc finger family protein
Zinc finger family protein
Zinc finger family protein
C2H2-type zinc finger family protein
Zinc finger family protein

Glyma.13G139000
Glyma.13G146400
Glyma.13G293800
Glyma.13G321900
Glyma.14G088300
Glyma.14G110900

C2H2
C2H2
C2H2
C2H2
C2H2
C2H2

-6.74
-5.86
-3.86
-4.76
-2.72
-2.35

Zinc finger protein
Zinc finger family protein
Zinc finger family protein
C2H2-type zinc finger family protein
C2H2-type zinc finger protein
C2H2L domain class transcription factor

Glyma.14G218700

C2H2

-8.35

Zinc finger family protein
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Table A.10 (continued)
Glyma.15G024500
Glyma.15G033600
Glyma.17G142300

C2H2
C2H2
C2H2

-2.88
-2.29
-4.84

Zinc finger, C2H2-type
Zinc finger-like protein
Cys2/His2 zinc-finger transcription factor

Glyma.17G236200
Glyma.17G257700
Glyma.18G036000
Glyma.18G066100
Glyma.19G174200
Glyma.19G186200

C2H2
C2H2
C2H2
C2H2
C2H2
C2H2

-3.36
-4.62
-3.41
-3.81
-3.00
-3.69

salt tolerance zinc finger
Zinc finger family protein
Ramosa1 C2H2 zinc-finger transcription factor
Zinc finger family protein
Zinc finger protein
Zinc finger family protein

Glyma.20G026600
Glyma.20G193000
Glyma.20G206000
Glyma.U019400
Glyma.02G296600
Glyma.20G121800

C2H2
C2H2
C2H2
C2H2
C3H
C3H

-4.02
-6.40
-4.99
-2.31
-2.58
-6.22

C2H2-like zinc finger protein
C2H2-type zinc finger protein
Transcriptional regulator superman
Zinc finger protein-like protein
Zinc finger CCCH domain-containing protein
Zinc finger (CCCH-type) family protein

Glyma.08G105200

CAMTA

-2.13

Glyma.10G021400

CO-like

-5.25

Calmodulin-binding transcription activator 4-like
isoform X1
CONSTANS-like zinc finger protein

Glyma.10G245500
Glyma.11G006900
Glyma.06G027000
Glyma.15G029500
Glyma.01G049400
Glyma.02G062700

CPP
CPP
DBB
DBB
Dof
Dof

-2.90
-3.80
-5.33
-2.94
-5.84
-5.07

Transcription factor CPP
Transcription factor CPP
probable salt tolerance-like protein
Salt-tolerance protein
Ascorbate oxidase promoter-binding family protein
OBF binding protein

Glyma.02G092700
Glyma.04G183700
Glyma.05G037800
Glyma.06G124300
Glyma.06G131500
Glyma.11G059300

Dof
Dof
Dof
Dof
Dof
Dof

-2.60
-4.25
-5.51
-5.71
-4.20
-3.16

Dof zinc finger protein
Dof zinc finger protein
Dof zinc finger protein
Dof zinc finger protein
Dof-type zinc finger DNA-binding family protein
DOF domain class transcription factor

Glyma.12G072400
Glyma.13G177600
Glyma.15G039300
Glyma.15G044800
Glyma.16G145000
Glyma.17G180600

Dof
Dof
Dof
Dof
Dof
Dof

-2.11
-4.16
-2.75
-2.85
-5.79
-4.03

Dof zinc finger protein DOF2.1-like protein
DOF zinc finger protein
DOF domain class transcription factor
Dof-type zinc finger DNA-binding family protein
DNA binding with one finger 5 protein
TARGET OF MONOPTEROS

Glyma.18G176300
Glyma.18G289700
Glyma.01G206700
Glyma.01G216000
Glyma.01G224100

Dof
Dof
ERF
ERF
ERF

-4.53
-2.45
-2.49
-3.08
-3.02

Dof zinc finger protein
Dof zinc finger protein
ethylene responsive element binding factor
CBF3 protein
Ethylene-responsive transcription factor
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Table A.10 (continued)
Glyma.02G072800
Glyma.02G132500
Glyma.03G159800

ERF
ERF
ERF

-5.20
-5.28
-2.38

related to AP2
Transcription factor AP2-EREBP
Ethylene response factor 4

Glyma.03G162700
Glyma.04G057700
Glyma.04G062900
Glyma.04G084000
Glyma.05G015900
Glyma.05G049900

ERF
ERF
ERF
ERF
ERF
ERF

-2.72
-8.38
-3.85
-6.42
-3.24
-5.47

Ethylene response factor
Ethylene-responsive transcription factor
AP2 domain class transcription factor
AP2 domain-containing transcription factor
Ethylene-responsive transcription factor
Dehydration-responsive element-binding protein

Glyma.05G062100
Glyma.05G063500
Glyma.05G092800
Glyma.05G157400
Glyma.05G214400

ERF
ERF
ERF
ERF
ERF

-7.24
-2.53
-3.52
-2.77
-6.13

Glyma.06G058400
Glyma.06G085700
Glyma.06G236400

ERF
ERF
ERF

-5.56
-5.67
-2.04

Dehydration-responsive element binding protein
ethylene-responsive transcription factor
Ethylene-responsive element binding factor
related to AP2
AP2 domain-containing transcription factor family
protein
ethylene-responsive transcription factor
AP2 domain-containing transcription factor
Ethylene-responsive transcription factor

Glyma.07G017300
Glyma.07G055000

ERF
ERF

-9.96
-4.34

Glyma.07G078600
Glyma.07G114000
Glyma.07G212400
Glyma.08G020900

ERF
ERF
ERF
ERF

-6.54
-4.53
-5.62
-3.86

Glyma.08G035000
Glyma.08G202300
Glyma.08G216600
Glyma.09G072000

ERF
ERF
ERF
ERF

-7.16
-5.61
-3.35
-4.16

DREB-like protein
AP2 domain-containing transcription factor family
protein
AP2/ERF domain-containing transcription factor
Ethylene-responsive element binding protein
Ethylene responsive transcription factor
AP2 domain-containing transcription factor family
protein
Ethylene-responsive transcription factor
DREB-like protein
Ethylene response factor
Ethylene-responsive transcription factor

Glyma.09G147200
Glyma.09G242600
Glyma.10G118900
Glyma.10G193400
Glyma.11G036400
Glyma.12G162700

ERF
ERF
ERF
ERF
ERF
ERF

-2.82
-4.85
-2.26
-7.42
-5.08
-2.01

Drought responsive element binding protein
Ethylene-responsive element binding protein
ethylene-responsive transcription factor
Ethylene-responsive transcription factor RAP2-3
ERF protein
Ethylene-responsive transcription factor

Glyma.12G226600
Glyma.13G040400
Glyma.13G088100
Glyma.13G112400
Glyma.13G227100

ERF
ERF
ERF
ERF
ERF

-4.51
-3.79
-2.44
-5.12
-2.64

Ethylene-responsive transcription factor
Ethylene responsive transcription factor
Dehydration-responsive element binding protein
Dehydration-responsive element binding protein
Nodulin MtN21 family protein

136

Table A.10 (continued)
Glyma.13G274100
Glyma.14G146100
Glyma.14G171500

ERF
ERF
ERF

-2.82
-4.82
-2.27

ethylene-responsive transcription factor
Integrase-type DNA-binding superfamily protein
Dehydration-responsive element binding protein

Glyma.15G004200
Glyma.15G077100
Glyma.15G180000
Glyma.16G154100
Glyma.17G047300
Glyma.17G124100

ERF
ERF
ERF
ERF
ERF
ERF

-2.93
-2.93
-5.39
-2.96
-4.11
-4.14

Ethylene response factor
Ethylene-responsive element binding factor
ethylene-responsive transcription factor
related to AP2
Dehydration-responsive element binding protein
Ethylene-responsive transcription factor

Glyma.17G131900
Glyma.17G143900
Glyma.17G145300
Glyma.18G252300
Glyma.18G252400
Glyma.19G026000

ERF
ERF
ERF
ERF
ERF
ERF

-5.50
-5.22
-2.11
-2.74
-7.68
-3.94

DRE binding factor 2
ethylene-responsive transcription factor
ERF protein
Ethylene-responsive element binding protein
Ethylene-responsive element binding protein
Ethylene-responsive transcription factor

Glyma.19G113100
Glyma.20G115300
Glyma.20G155200
Glyma.20G215700
Glyma.01G009600

ERF
ERF
ERF
ERF
G2-like

-6.30
-2.53
-3.63
-3.28
-2.67

Glyma.01G014800
Glyma.03G051400
Glyma.05G011500

G2-like
G2-like
G2-like

-2.52
-5.89
-3.17

ERF transcription factor
Integrase-type DNA-binding superfamily protein
Ethylene-responsive transcription factor
Ethylene-responsive transcription factor
Similar to myb family transcription
factor/Homeodomain-like superfamily protein
MYB transcription factor
Two-component response regulator
Myb family transcription factor family protein

Glyma.06G289300
Glyma.08G116700
Glyma.09G207300
Glyma.09G211400
Glyma.12G211600
Glyma.14G079000

G2-like
G2-like
G2-like
G2-like
G2-like
G2-like

-3.43
-2.68
-2.87
-2.55
-5.01
-2.70

Two-component response regulator-like APRR2
Myb family transcription factor
Myb-like transcription factor
Similar to myb family transcription factor
Myb family transcription factor family protein
Myb family transcription factor-like protein

Glyma.20G035300
Glyma.04G084900
Glyma.07G016800
Glyma.07G108900
Glyma.08G202100
Glyma.11G037900

G2-like
GATA
GATA
GATA
GATA
GATA

-2.72
-4.16
-4.97
-5.26
-7.39
-3.43

Two-component response regulator
GATA transcription factor
GATA transcription factor
GATA transcription factor
GATA transcription factor
GATA transcription factor

Glyma.16G152700
Glyma.17G030900
Glyma.13G251000

GATA
GATA
GeBP

-5.41
-4.29
-2.38

Glyma.01G194200

GRAS

-3.77

GATA transcription factor
GATA transcription factor
DNA-binding storekeeper protein-related transcriptional
regulator
GRAS family transcription factor
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Table A.10 (continued)
Glyma.02G297700
Glyma.04G150500
Glyma.05G140400

GRAS
GRAS
GRAS

-2.28
-5.08
-2.08

Scarecrow-like transcription factor
DELLA protein
Gibberellin insensitive-like protein

Glyma.06G213100
Glyma.07G266500
Glyma.09G011800
Glyma.09G036500
Glyma.09G133600
Glyma.09G270000

GRAS
GRAS
GRAS
GRAS
GRAS
GRAS

-5.24
-6.64
-2.70
-2.97
-2.47
-5.98

DELLA protein
Chitin-inducible gibberellin-responsive protein
Chitin-inducible gibberellin-responsive protein
DELLA protein GAI
SCL domain class transcription factor
Protein SCARECROW

Glyma.10G038500
Glyma.10G232000
Glyma.11G016100
Glyma.11G216500
Glyma.12G022600
Glyma.12G197300

GRAS
GRAS
GRAS
GRAS
GRAS
GRAS

-3.13
-2.84
-2.39
-3.58
-2.28
-3.15

GRAS transcription factor
SCL domain class transcription factor
GRAS family transcription factor
DELLA protein
SCARECROW protein-like protein
GRAS family transcription factor

Glyma.13G081700
Glyma.13G345700
Glyma.15G028600
Glyma.16G008200
Glyma.16G156700
Glyma.16G179900

GRAS
GRAS
GRAS
GRAS
GRAS
GRAS

-3.78
-5.92
-5.97
-6.49
-5.49
-3.09

Nodulation signaling pathway
Short-root
Short-root
Nodulation signaling pathway
Protein SCARECROW
SCL domain class transcription factor

Glyma.17G162800
Glyma.18G040000
Glyma.20G162100
Glyma.U013800
Glyma.17G232600
Glyma.17G232700

GRAS
GRAS
GRAS
GRAS
GRF
GRF

-6.57
-2.91
-2.20
-2.31
-3.33
-2.87

GRAS family transcription factor
DELLA protein
ATP-dependent RNA helicase
GRAS family transcription factor
GRF domain class transcription factor
GRF domain class transcription factor

Glyma.01G207300
Glyma.02G019100
Glyma.02G171300
Glyma.03G145800
Glyma.05G175600
Glyma.06G086600

HD-ZIP
HD-ZIP
HD-ZIP
HD-ZIP
HD-ZIP
HD-ZIP

-4.73
-5.06
-4.68
-4.92
-2.18
-3.10

Homeobox-leucine zipper protein
Homeobox-leucine zipper protein
homeobox-leucine zipper protein
Homeobox-leucine zipper protein
Homeobox-leucine zipper protein
Class III HD-Zip protein

Glyma.08G298400
Glyma.09G109700
Glyma.11G035900
Glyma.11G045100
Glyma.13G064000
Glyma.13G169900

HD-ZIP
HD-ZIP
HD-ZIP
HD-ZIP
HD-ZIP
HD-ZIP

-3.67
-5.47
-7.32
-2.29
-4.25
-2.56

HD domain class transcription factor
Homeobox-leucine zipper protein
homeobox-leucine zipper protein HAT4
HD domain class transcription factor
Homeobox-leucine zipper-like protein
Transcription factor Homeobox

Glyma.15G129700

HD-ZIP

-5.67

lass III HD-Zip protein
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Table A.10 (continued)
Glyma.18G014900
Glyma.18G123500
Glyma.18G258400

HD-ZIP
HD-ZIP
HD-ZIP

-4.60
-3.92
-2.16

Homeobox-leucine zipper protein
HD domain class transcription factor
Homeobox-leucine zipper-like protein

Glyma.19G010100
Glyma.19G021100
Glyma.07G128700
Glyma.02G278400
Glyma.05G095900
Glyma.06G040900

HD-ZIP
HD-ZIP
HRT-like
HSF
HSF
HSF

-4.00
-5.06
-7.65
-4.85
-5.10
-6.63

Transcription factor Homeobox
Homeobox-leucine zipper-like protein
Transcription factor
Heat stress transcription factor
Heat shock transcription factor
Heat shock transcription factor (HSF)

Glyma.10G066100
Glyma.13G151200
Glyma.14G083700
Glyma.17G241300
Glyma.20G042000
Glyma.03G161400

HSF
HSF
HSF
HSF
HSF
LBD

-2.70
-2.87
-4.51
-5.54
-3.97
-5.46

Heat stress transcription facto
Heat stress transcription factor
Heat shock transcription factor
Heat shock transcription factor
Heat shock transcription factor
LOB domain protein

Glyma.06G145400
Glyma.09G021600
Glyma.10G213500
Glyma.11G231500
Glyma.13G328500
Glyma.15G127900

LBD
LBD
LBD
LBD
LBD
LBD

-6.24
-8.28
-2.16
-6.46
-4.85
-6.61

LOB domain-containing protein
LOB domain-containing protein
LOB domain-containing protein
LOB domain-containing protein
LOB domain protein
LOB domain-containing protein

Glyma.18G025600
Glyma.19G162900
Glyma.05G112200
Glyma.04G245500
Glyma.18G273600
Glyma.20G153700

LBD
LBD
LSD
MIKC_MADS
MIKC_MADS
MIKC_MADS

-7.10
-3.66
-2.10
-3.89
-7.87
-6.10

LOB domain-containing protein
lateral organ boundaries-domain
lsd one like 1
MADS box transcription factor
MADS-box protein
MADS box protein M3

Glyma.11G160200

-2.04

Agamous-like MADS-box protein

Glyma.01G016600

Mtype_MADS
MYB

-2.22

Myb-like transcription factor

Glyma.01G190100
Glyma.01G211500
Glyma.01G222200
Glyma.02G124300
Glyma.03G007500
Glyma.03G078000

MYB
MYB
MYB
MYB
MYB
MYB

-2.32
-3.36
-7.92
-2.17
-4.46
-6.13

MYB transcription factor
protein ODORANT1
40S ribosomal protein
MYB transcription factor
myb domain protein
MYB transcription factor

Glyma.04G036700
Glyma.04G101900
Glyma.04G187300
Glyma.06G036800
Glyma.06G082300

MYB
MYB
MYB
MYB
MYB

-3.78
-4.44
-4.97
-3.13
-2.65

MYB transcription factor MYB124
Transcription factor
MYB transcription factor
MYB transcription factor
C-myb-like transcription factor
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Table A.10 (continued)
Glyma.06G103300
Glyma.06G300100
Glyma.06G300200

MYB
MYB
MYB

-7.55
-5.48
-6.78

Transcription factor
MYB transcription factor
MYB transcription factor

Glyma.07G146300
Glyma.08G017600
Glyma.09G139000
Glyma.09G206200
Glyma.10G054700
Glyma.10G139000

MYB
MYB
MYB
MYB
MYB
MYB

-3.20
-4.25
-5.68
-3.36
-6.67
-3.42

MYB transcription factor
40S ribosomal protein S10-like protein
MYB transcription factor
Myb-like transcription factor
MYB transcription factor
Myb-like transcription factor

Glyma.11G021600
Glyma.11G030200
Glyma.11G052100
Glyma.11G133700
Glyma.11G176500
Glyma.11G194100

MYB
MYB
MYB
MYB
MYB
MYB

-5.85
-4.67
-2.19
-3.16
-3.23
-2.62

40S ribosomal protein S10-like protein
Transcription factor
MYB transcription factor
MYB transcription factor
transcription factor DIVARICATA
Myb domain protein

Glyma.12G104600
Glyma.12G237500
Glyma.13G050400
Glyma.13G094400
Glyma.13G322900
Glyma.13G339900

MYB
MYB
MYB
MYB
MYB
MYB

-9.88
-4.87
-6.25
-3.55
-3.85
-6.31

MYB transcription factor
MYB transcription factor
MYB transcription factor
MYB transcription factor
Myb domain protein
MYB transcription factor

Glyma.14G191700
Glyma.14G214500
Glyma.15G025500
Glyma.16G092100
Glyma.17G065800
Glyma.18G065200

MYB
MYB
MYB
MYB
MYB
MYB

-2.73
-3.91
-6.23
-5.49
-2.78
-2.60

MYB transcription factor
P-type R2R3 Myb protein
MYB Transcription factor
Myb-like transcription factor
DNA-binding transcription factor blind
MYB transcription factor

Glyma.18G197500
Glyma.19G038100
Glyma.19G118500
Glyma.19G184500
Glyma.20G090700
Glyma.01G003000

MYB
MYB
MYB
MYB
MYB
MYB_related

-4.17
-3.93
-3.36
-2.68
-6.57
-5.23

MYB transcription factor
MYB transcription factor n
MYB domain class transcription factor
Transcription factor MYBJ7
Myb family transcription factor family protein
MYB transcription factor

Glyma.01G173900
Glyma.02G055900
Glyma.02G157300
Glyma.06G031400
Glyma.08G029400
Glyma.04G119500

MYB_related
MYB_related
MYB_related
MYB_related
MYB_related
NAC

-4.40
-4.77
-4.93
-6.46
-5.25
-5.73

MYB transcription factor
MYB transcription factor
MYB transcription factor
Protein RADIALIS-like 6
MYB transcription factor
Transcription factor

Glyma.04G167200

NAC

-2.99

NAC domain protein
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Table A.10 (continued)
Glyma.06G166500
Glyma.06G195500
Glyma.07G048000

NAC
NAC
NAC

-5.48
-3.22
-2.02

NAC domain-containing protein
NAC domain protein
NAC domain protein

Glyma.07G050600
Glyma.08G161300
Glyma.08G173400
Glyma.11G096600
Glyma.12G022700
Glyma.12G091200

NAC
NAC
NAC
NAC
NAC
NAC

-3.85
-3.38
-2.32
-2.91
-2.43
-2.16

NAC secondary wall thickening promoting factor
NAC domain-containing protein
NAC domain protein
NAC family transcription factor
NAC family transcription factor
NAC domain protein

Glyma.12G206900
Glyma.16G016700
Glyma.16G019400
Glyma.16G217400
Glyma.17G185000
Glyma.19G180300

NAC
NAC
NAC
NAC
NAC
NAC

-4.06
-3.13
-3.85
-3.39
-2.72
-5.72

NAC transcription factor
NAC domain protein
NAC secondary wall thickening promoting factor
No apical meristem family protein
NAC transcription factor
NAC domain transcription factor

Glyma.19G259700
Glyma.02G154000
Glyma.07G249000
Glyma.09G014100
Glyma.09G046200
Glyma.10G020100

NAC
NF-YB
NF-YB
NF-YB
NF-YB
NF-YB

-7.04
-3.67
-8.29
-2.51
-8.19
-3.58

NAC secondary wall thickening promoting factor
Nuclear transcription factor Y
Nuclear transcription factor Y
Nuclear transcription factor Y
Nuclear transcription factor Y
Nuclear transcription factor Y

Glyma.11G183100
Glyma.15G153900
Glyma.11G250000
Glyma.18G007100
Glyma.02G311000
Glyma.06G000400

NF-YB
NF-YB
NF-YC
NF-YC
Nin-like
Nin-like

-2.15
-5.00
-6.57
-2.33
-7.51
-3.97

Nuclear transcription factor Y subunit
Nuclear transcription factor Y subunit
Nuclear transcription factor Y
Nuclear transcription factor Y subunit C-4
Nodule inception protein
Nodule inception protein

Glyma.06G129900
Glyma.14G001600
Glyma.10G204400
Glyma.20G186200
Glyma.17G039600
Glyma.19G146000

Nin-like
Nin-like
RAV
RAV
SBP
SBP

-3.60
-5.37
-4.52
-5.98
-3.86
-3.45

RWP-RK domain-containing protein
Nodule inception protein
RAV-like DNA-binding protein
RAV-like DNA-binding protein
Squamosa promoter binding protein
squamosa promoter binding protein-like

Glyma.02G051900
Glyma.04G027400
Glyma.11G072500
Glyma.14G034800
Glyma.16G132100
Glyma.17G255000

SRS
SRS
SRS
SRS
SRS
SRS

-3.97
-3.35
-2.30
-2.07
-4.26
-3.93

Expression of terpenoids
Lateral root primordium family protein
Expression of terpenoids
LATERAL ROOT PRIMORDIUM
Expression of terpenoids
SHI-related sequence 7

Glyma.02G060000

TALE

-5.35

Homeodomain protein
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Table A.10 (continued)
Glyma.06G065200
Glyma.11G062300
Glyma.17G132600

TALE
TALE
TALE

-2.63
-2.89
-5.62

homeobox protein knotted-1-like 3-like isoform X3
BEL1-like homeodomain protein
Homeodomain transcription factor family protein

Glyma.18G189700
Glyma.03G018800
Glyma.05G027400
Glyma.10G285900
Glyma.12G208800
Glyma.12G228300

TALE
TCP
TCP
TCP
TCP
TCP

-4.67
-3.14
-2.99
-2.56
-3.80
-3.85

BEL1-like homeodomain protein
TCP family transcription factor
Transcription factor
Transcription factor PCF2
Transcription factor
TCP1 protein

Glyma.13G219900
Glyma.13G271700
Glyma.16G004300
Glyma.03G189600
Glyma.03G191700
Glyma.05G200400

TCP
TCP
TCP
Trihelix
Trihelix
Trihelix

-2.79
-3.06
-2.39
-4.16
-2.58
-6.46

PlCYC4 family protein
TCP trancription factor
TCP family transcription factor
sequence-specific DNA binding transcription factors
Duplicated homeodomain-like superfamily protein
Homeodomain-like superfamily protein

Glyma.10G202300
Glyma.13G195800
Glyma.20G188100
Glyma.04G040900

Trihelix
Trihelix
Trihelix
WOX

-3.43
-3.75
-3.88
-3.99

Glyma.12G063900

WOX

-4.61

Glyma.04G223300
Glyma.05G160800
Glyma.05G215900
Glyma.06G142000
Glyma.07G057400

WRKY
WRKY
WRKY
WRKY
WRKY

-4.98
-2.02
-3.78
-3.48
-3.74

Trihelix transcription factor
Transcription factor
Trihelix transcription factor
Homeobox-leucine zipper transcription factor family
protein
Homeobox-leucine zipper transcription factor family
protein
Transcription factor
WRKY DNA-binding protein
WRKY family transcription factor
Transcription factor
Transcription factor

Glyma.07G227200
Glyma.08G078700
Glyma.08G320200
Glyma.09G061900
Glyma.09G240000
Glyma.09G254400

WRKY
WRKY
WRKY
WRKY
WRKY
WRKY

-8.36
-3.59
-2.25
-2.10
-5.96
-4.38

WRKY transcription factor
WRKY transcription factor
WRKY transcription factor
WRKY DNA-binding protein
WRKY transcription factor
WRKY transcription factor

Glyma.09G254800
Glyma.09G274000
Glyma.10G230200
Glyma.13G267500
Glyma.14G085500
Glyma.16G026400

WRKY
WRKY
WRKY
WRKY
WRKY
WRKY

-2.55
-4.04
-5.22
-7.73
-2.72
-3.62

WRKY transcription factor
Transcription factor
WRKY transcription factor
WRKY transcription factor n
WRKY transcription factor
Transcription factor

Glyma.16G177000
Glyma.17G057100

WRKY
WRKY

-3.33
-2.67

WRKY transcription factor
WRKY DNA-binding protein
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Table A.10 (continued)
Glyma.17G197500
Glyma.18G238600
Glyma.18G256500

WRKY
WRKY
WRKY

-2.46
-2.73
-2.49

probable WRKY transcription factor
WRKY transcription factor
WRKY transcription factor

Glyma.19G020600
Glyma.20G028000
Glyma.20G163200

WRKY
WRKY
WRKY

-4.33
-2.49
-3.07

WRKY transcription factor
WRKY transcription factor
WRKY transcription factor
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APPENDIX B
PROTEIN TYROSINE PHOSPHATASE (LMW-PTP) MODULATES DROUGHT
STRESS RESPONSE IN RICE (ORYZA SATIVA)
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Table B.1
Use

List of primers used in this study
Gene

Primer

Nucleotide sequence (5’-3’)

name
Overexpression

PTP

size (bp)

PTP1

ATAGGTACCATGGCCGGAGCAGCCGCG

PTP2

CGCGGATCCTCAAGCAGAAACGCTTGCATTCTC

Sequencing of

RT-TP2

CGAGGGTTTAGAAACGGATCGCG

PTP gene

RNA-TP1

CACCGCTTCAAAGAAGAGGGGAAT

RT-PCR

RT-TP1

CTGCTCATCTCCGGCTCCGAA

RT-TP2

CGAGGGTTTAGAAACGGATCGCG

RAc5

CTGGGATGATATGGAGAAGATCTGG

construct pU1301-

Amplicon

825

PTP

Housekeeping

Actin1

gene

RNAi construct

Transgene
confirmation

NA

167

377

PTP

Hygromycin

RAc3

CCGTTGTGGTGAATGAGTAACCAC

RNA-TP1

CACCGCTTCAAAGAAGAGGGGAAT

RNA-TP2

TCAAGCAGAAACGCTTGCATT

339

OXHPT-F

ATGCGGAGCATATACGCC

815

OXHPT-R

ATGAAAAAGCCTGAACTCAC

kdHPT-F

AATAGCTGCGCCGATGGTTTCTAC

kdHPT-R

AACATCGCCTCGCTCCAGTCAATG
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